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ABSTRACT

A theoretical and experimental program has been performed to evaluate high-
velocity impact damage to structures composed of two thin metallic sheets spaced
some distance apart. The results of this study are applicable to the impact of

meteoroids against space vehicles.

Impact against the first sheet or shield was analyzed with a hydrodynamic treat-
ment. This treatment, combined with experiments, shows that the damage mech-
anisms to be considered for the second sheet are gross deformation, tensile
failure, and spallation. Gross deformation and tensile failure were treated with
a blast-loaded thin-shell analysis, and spallation with a two-dimensional elastic-
plastic treatment.

Multisheet (more than two simple sheets) structures were also analyzed and found
to provide less protection within the same total structural thickness and weight
than two-sheet structures. Honeycombs between the two sheets were found to be

detrimental to the impact resistance of two-sheet structures.

An analysis was also performed to assess the area-time of exposure for a 0. 99

probability of no failure. This analysis is presented.
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INTRODUCTION

For extended-time space missions, e.g., the Apollo mission, the space vehicle

must afford some resistance to meteoroid impact damage to provide for a reason-

able probability of mission success. This report evlauates the resistance to

meteoroid impact damage of structures consisting of two sheets spaced some

distance apart.

Meteoroids have velocities between 11 and 72 kilometers per second relative to

earth, but exact knowledge of meteoroid density, flux, and composition is
lacking.(l) A meteoroid environment was established in 1965 by NASA.(Z) This

environment is as follows:

a.

The isotropic flux-mass relationship for sporadic meteoroids is given
by

log10 N=-1,34 log10 m - 10,423 (1)

where N is the number of impacts per square foot per day above mass

m in grams. -

The density is 0.5 gm/cm3 for all particle sizes.

The average geocentric velocity is 30 km/sec for all particle sizes.
The anisotropic flux during a meteoroid shower is given by

log10 N=-~1,34 loglo m - 2.38 log10 V - 6.465 + loglo F (2)

where V is the geocentric velocity of the meteoroid stream (km/sec)
and F is the ratio of the accumulative meteoroid stream flux to the
sporadic meteoroid flux.

The ejecta mass flux relationship in the vicinity of the moon can be
expressed as

_ 103.83 ,
Nejecta. =10 (Nsporadic + Nstream) &)
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and the ejecta has an average velocity of 200 meters per second (maxi-
mum velocity of 2.4 km/sec) and a density of 2.5 grams per cubic !
centimeter. . '
Recent analysis of photographic meteor data by Dohnanyi,(3) and Clough and
Lieblein,(4) along with Pegasus 'data,(s) suggests that the NASA model environment
may be pessimistic in its predictions of small-particle flux. References 3 and 4
also suggest that the average meteor velocity is approximately 20 kilometers per
second. Dohnanyi states that velocity and mass distributions are independent to
a first approximation; thus Dohnanyi expects the average velocity of all meteoroids

to be approximately 20 kilometers per second.

The analysis of a structure to be used for a mission such as Apollo must consider
impacts of low-density particles at velocities up to 72 kilometers per second, with
an average impact velocity in the range between 20 and 30 kilometers per second.
In addition, the possibility of more dense fragments impacting at low velocities
must be considered. This report describes a combined analytical-experimental
program directed toward an understanding of these problems as related to struc-
tures consisting of two metallic sheets spaced some distance apart. Because
existing experimental facilities such as the one used in this program have a ve-
locity limitation of approximately 10 kilometers per second, it is necessary to
have a theoretical basis of understanding to logically predict the reaction of

structures impacted at very high velocities.

The approach described and utilized herein treats the impact of the first sheet,
the shock transmission in the second sheet, and the gross deformation of the

second sheet.
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THEORY

Upon striking a thin sheet a particle or projectile may undergo a variety of
processes, depending upon impact conditions such as the particle velocity, the
particle material and composition, the angle of impact, and the material strength,
and thickness of the thin sheet. (A thin sheet as used herein will be defined as a
sheet whose thickness is equal to or less than the diameter of the projectile or
particle.) The particle may be stopped by the sheet, may pass through the sheet
essentially undamaged, or may pass through the sheet fractured, molten, or
vaporized. The last two cases are the cases of interest for meteoroid impacts,

(6)

as the velocities are sufficiently high to cause melting or vaporization.

If the thin-sheet shield is penetrated, the debris from the projectile and the shield
then travel across the space between the sheets and strike the second sheet. Upon
striking the second sheet a shock wave is generated within the sheet and this shock
traverses the sheet. Depending upon the intensity and the structure of this shock
an internal fracture or spall may form, resulting in some cases in complete de-

tachment of some material from the rear surface of the sheet.

In addition, the second sheet will be given an impulsive load by the impact of the
particle-shield debris. This load is applied over a very short period of time (a
few microseconds) and results in the second sheet moving with some velocity.

The sheet can then fail from this load, by tensile failure or shear failure,
The above phenomena will be treated in detail in this study.

PROJECTILE-SHIELD INTERACTION

The impact of a high-velocity particle upon a thin sheet has been considered by
several authors. The situation resulting from such an impact is shown in Figure 1
along with a sketch denoting the nomenclature used in this report. As can be seen
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Figure 1 X-Ray of a Thin-Sheet Impact
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in the flash X-ray, the projectile-shield debris is widely spread both in spray

angle, 6, and along the direction of travel for this impact.

Maiden and McMillan(ﬁ) and Sandorff(7) considered a right circular cylinder
striking a thin sheet and the one-dimensional shock structure which results along
the projectile-shield centerline. It was found that the rarefaction waves from the
outside of the cylinder overtake the shock front 0.72 diameter from the interface
in the projectile.(s) The shock will reflect from the rear surface of the shield as
a rarefaction wave and, depending upon the thin sheet thickness, may overtake
the shock front in the projectile. Both treatments concluded that relief from high

pressures resulted in the destruction of the impacting particle.

Maiden and McMillan(G) established an optimum shield thickness based upon the
centerline shock strength being sufficient, when relieved, to melt or vaporize

the impacting projectile. This criterion of optimum shield thickness assures
minimal penetration of the second sheet. Also, this criterion calls for decreasing

shield thickness with increasing impact velocity.

Sandorff(7) established a criterion for an optimum shield thickness on the basis
that the rarefaction from the rear surface of the shield would not overtake the
shock in the projectile within the projectile length. This criterion requires in-

creasing shield thickness with increasing velocity.

Both of these criteria are based on a somewhat artificial basis in that they re-
quire only that the debris that passes through the shield be in some particular
form, and say nothing of the debris distribution. Sandorff requires that the pro-
jectile be shocked to the maximum pressure possible; Maiden and McMillan re-
quire only that the projectile be shocked sufficiently to melt or vaporize it. Other
than to minimize penetration, neither of these criteria explicitly accounts for

the reaction of the second sheet.

An accurate evaluation of the effectiveness of a shield should account for spalla-
tion and gross-deformation failure of the second sheet. It is clear that, to be
effective, the shield must at least either break the impacting particle into small



pieces or cause melting of the projectile to insure that no significant penetration
will take place. It is not clear what effect a shield thicker than this will have upon
the reaction of the second sheet.

An accurate description of the state of the debris that passes through the shield
requires a complete assessment of the pressure-time history of the projectile
and shield. This is conveniently possible only through finite difference computa-
tions utilizing a high-speed computer. High-speed impacts upon thin sheets have
been considered in this manner by Bjork,(a) Riney and Heyda,(g) and Walsh and

Jd ohnson.(lo) Bjork and Riney and Heyda utilized,. -+ -in-cell (or PIC) compu-
tational schemes while Walsh and Johnson have u..a an Eulerian scheme. These
authors have presented results in terms of centerline densities, velocities, and
momentum versus spray-angle profiles. The results show that, as the sheet
thickness is increased, the debris is spread more and the momentum per unit

solid-angle is decreased.

These treatments are hydrodynamic-in=feitaFe and make no provision for the
strength of the shield material. For the thin-sheet case this treatment is suffi-
ciently accurate for the material of interest (i.e., that debris that passes through
the shield at high velocity) which has been subjected to pressures many times
greater than the strength of the materials. For impacts in the range of meteoroid
velocities the debris is expected to be molten or vaporized.(e) The strength of the
shield does influence the size of the hole formed. The shock in the shield outside
the projectile-shield interface is attenuated very rapidly because of the close
proximity of the shield's free surfaces, and very little material is ejected with
significant velocity from this area. Thus the hydrodynamic treatments can provide
a good description of the high-velocity, hot debris that strikes the second sheet,
and the small amount of discrete, low-velocity shield debris can be, in general,

ignored.

It wasnecessary for this study tohave adescriptionof the debris that passedthrough
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the shield in terms of momentum distribution and density-velocity profiles. To accom-~

plish this a two-dimensional hydrodynamic code, CAMEQ developed by J. Tillotson,*

was utilized. This is an Eulerian code similar tothat used by Walsh and Johnson.(lo)

* Presently associated with General Atomics Division of General Dynamics
Corporation, San Diego, California.



In this system a set of grids or cells is fixed in space and the material being
treated flows through the cells continuously. The problems treated are normal
impacts of axisymmetric particles, thus cylindrical codrdinates are appropriate,
The cells are of rectangular cross section and of a toroidal shape, with the cell
volume becoming greater with increasing distance from the axis of symmetry.

A description of this code is found in Reference 10.

There are some limitations in this treatment, Because the material moves in a
continuous manner it is not possible to follow the position of the particle-shield
interface. Because of th~ ;l;;_.’zelqike—upon-like material impacts can be treated. -
hogp
Second, there is a tendency to ""smear' or diffuse material and average densities,
velocities, and internal energies. The termination of the calculations was arbi-
trarily set as the time at which the momentum that had passed through the shield
reached the maximum and the kinetic energy of the debris was a maximum. At
such time the debris was essentially ""set" with very low pressures and with the
momentum distribution changing no furthe.r with time. .

A total of twenty-six CAMEO calculations were made; the conditions of these
impacts are summarized in Table I. Sixteen of the problems were computed for
data purposes and ten for the purpose of checking the program or to check the
computer predictions with experiment.

The CAMEOQ results scale directly, i.e., equal scale changes of linear dimensiéns
and time produce the same result.(lo) It was.found, however, -that if the problem
were initially stated with small masses, computer round-off error would result

in relatively large mass, momentum, and energy errors. To prevent this type

of error the problems were computed with scaled-up projectiles and shields.

Thus the aluminum cylinders and _s—pheres used for computation had-masses of
about 45 grams; the aluminum- rods 205 grams; and the cadmium spheres 146

grams. With masses of these sizes the energy error was of the order of one ., -

percent,

[ - e
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IMPACT CONDITIONS g‘?‘)l;:eCIAMEO CALCULATIONS
Problem Shield Velocity :
Number Projectile tg/d (km/sec) Purpose
1-6 Al Cylinder 0.30 7.2 Test Cases
7 Al Cylinder 0.228 7.6 Data
8 Al Cylinder 0.228 30 Data
9 Al Cylinder 0.228 22.5 Data
10 Al Cylinder 0.228 15 Data
11 Al Cylinder 0.111 30 Data
12 Al Cylinder 0.333 30 Data
13 Al Cylinder 0. 500 30 Data
14 Al Cylinder 1.00 30 Data
15-16 Al Sphere 0.264 7.2 Test Case
17 Al Sphere 0.20 30 Data
18 Al Rod 0.50 Test Case
19 Cadmium Sphere 0.20 6 Data
20 Al Rod 0.76 5 Test Case
21 Al Cylinder 0.228 50 | Data
22 Cadmium Sphere 0. 100 6 Data
23 Cadmium Sphere ©0.300 6 Data
24 Cadmium Sphere 0.500 6 Data
25 Al Cylinder,
p,=0. 483 cm/ cm® - 30 ‘Data
26 Al Cylinder 0.228 30 Data

The first six test cases were used to minimize the error described above and
to determine the effect of cell size upon the computations. It was found that the
smallest cell sizes or the finest zoning reduced the magnitude of error. Coarse
zoning tends to lose detail but the gross features tend to the same values, Fig-
ure 2 presents the total axial and radial momenta of the debris as a function of
time for problems CAMEO 5 and 6. CAMEO 6 was a factor-of-three finer in
zoning than was CAMEO 5; i.e., the projectile in problem 6 consisted of nine
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times as many cells as CAMEO 5, and the shield was nine cells thick in CAMEO
6 and three cells thick in CAMEO 5. As can be seen the momenta initially are

not the same but approach the same values very rapidly, with perhaps a time

lag.

The total kinetic energy, as presented in Figure 3, also rapidly approaches the
same values, with again a time lag. From these tests the conclusion was drawn
that, although the coarse zoning lacked fine-time precision, the overall gross

effects were essentially not affected.

On the basis of these test cases, it wasdecided to perform the early-time calcu~
lations withas fine zoning as possible. This decision conflicted with the restricted

number of zones due to limitations imposedby the size of the available computer

memory core and auxilliary memory system could not be used with existingfacilities.

There were two solutions to this problem: to rezone at some stage inthe computation

(e.g., convert n? zones into n zones), or toincrease the size of the zones with

increasing distance from the impact area.

It was determined that, since the debris would be in a highly expanded form in
the cases of interest and would be undergoing little interaction, and also that re-
zoning would present difficulties in maintaining both conservation of momentum
and energy, it would be best to increase zone sizes with increasing distance from
the impact point. A typical zoning procedure of this type is presented in Figure 4.
As can be observed, the zones are all of the same size in the area surrounding
and including the impact point and, in addition, are of square cross-sectional
area. At greater distances from the impact area, the zone sizes increase and
become rectangular in cross-section. The zoning procedure utilized in Figure 4
was used for CAMEO 7 through 10. Similar schemes were utilized for all other

CAMEO data computations.

Several of the CAMEO computations were compared with experiment to provide
checks upon the accuracy of the computational results. The outputs from CAMEO
4 and 19 are presented in Figures 5 and 6, along with experimental results of
total axial momentum as a function of the tangent of the spray half-angle. The

experimental points were obtained by means of a double ballistic pendulum,
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shown in Figure 7. The shield is mounted upon the pendulum support structure

and the second sheet is mounted in two sections on the two pendulums. The debris

- from the projectile and shield strikes the second sheet and imparts its momentum

- . to the two pendulums. The motions of the pendulums are monitored with small

neon lights mounted upon the pendulums; the lights flash at a known constant fre-

- quency and expose the film in a stationary open-shutter camera. The record ob-

tained thus gives a direct measure of the distance the pendulum travels versus
time. A typical camera trace for a dual-pendulum test is shown in Figure 8,
along with a segmented second sheet.

It is important to note that the momentum measured utilizing the ballistic pendu-
lum is the momentum felt by the sheet that is struck by the debris, and it is not
the momentum of the debris. The CAMEO output is the momentum of the debris,
and the total axial momentum is about the same as the momentum of the original
impacting particle. The debris may rebound upon striking the second sheet, re-
sulting in an increase in the momentum felt by the second sheet. I the debris
were completely vaporized and underwent perfectly elastic collisions with the
second sheet, it would have twice the axial momentum of the debris. Experiments
performed up to eight kilometers per second give momentum increases of up to

about 1.5 times the impacting particle momentum.

Thus the comparisons made in Figures 5 and 6 required correction for the mo-
mentum multiplication effect. In Figure 5 the CAMEO output is presented (as
triangles) together with the output multiplied by the measured multiplication ‘
factor from experiment (as circles). The agreement is fairly good, with two ex-
perimental points within 15% of the computed points and the point at the smallest
angle within 25%. The smallest angle experimental point is the least well defined
in terms of angle, thus it would be expected to have the largest error associated
with it and would probably be low.

Figure 6 presents a comparison of momentum distribution for a cadmium-
cadmium impact. Cadmium with its low melting and vaporization points (32090

~and 767°C), low sonic velocity and low strength is better represented by the

CAMEO hydrodynamic calculations than aluminum at experimental velocities.

13
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For the conditions of impact, all the debris should be vaporized. In this figure,
the computed momentum distribution is fitted to the experimental total momentum,
thus the points at =2 must agree. The experimental points at smaller values

of o agree with the computed values quite well.

In Figures 9 through 12, the CAMEO results are compared with experiment in
a different manner. In these experiments the second sheet was split, and a series
of squares (1.27 cm x 1.27 cm) of the same thickness and material as the backup
were lightly cemented in the gap between the halves of the backup sheet. When
the projectile-shield debris struck these squares, the momentum of the debris
that struck them was imparted to the squares. The momentum intensity is de-

fined as the momentum per unit area or

) A

A
and the momentum of the squares is
MV=pAtV
where

p is the material density of the square
A is the area of the square

t is the thickness of the square

V is the velocity of the square

and the average momentum intensity felt by the square is

MV _;_pAtV

A A - PtV

so that the velocity of the square after impact is directly proportional to the
momentum intensity.

Figure 9 shows the computed and measured momentum intensities versus o for
an aluminum-aluminum impact. In this figure, as in the subsequent Figures
10-12, the computed momentum intensity is presented without taking the mo-
mentum multiplication into account. As a result, it is expected that the computed
points should fall below the measured points. In these figures, the computed
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momentum intensities represent averages over fairly large ranges of «; also,
the lines connecting the points were added for clarity and do not represent inter-
mediate values. It can be seen that the measured data in Figure 9 compare very
favorably with the computed values in magnitude and in the curve shape. Figures
10 through 12, which show comparisons of cadmium-cadmium impacts, also

compare favorably.

On the basis of the comparison of computed values and measured values of mo-
mentum distribution and momentum intensities presented in Figures 5, 6, and
9 through 12, it was felt that the CAMEO code was quantitatively representative
of the momentum distributions of the debris passing through the shield.

A further test of the CAMEO computations was made by examining rod impacts.
The method of comparison was to predict the amount of rod fractured or "used"
in passing through a thin sheet. Because the hydrodynamic calculations do not
include strength effects and do not provide for fracture of material, a criterion had
to be established for the determination of flow and fracture. The criterion used was
a "cutoff' pressure; i. e., if the material was subjected to a pressure above
some value, it would be fractured. This approximation ignores the shape of the
pressure profile, which would have a significant effect upon fracture. However,
in the case of a rod impacting a thin sheet, it would be expected that the shock

or pressure pulse would be quite sharp (short in time duration) in both the rod
and the thin sheet because of the close proximity of free surfaces. The shock
reflects from these free surfaces as rarefactions which rapidly overtake the

shock.

Two cases were considered:

e the impact at 5 kilometers per second of a rod three times as long as

its diameter upon a thin sheet 0.5 times the rod diameter in thickness

e the impact at 5 kilometers per second of a rod ten times as long as its

diameter upon a sheet 0.76 times the rod diameter in thickness.

Both the rods and the thin sheets were of 2024-T3 aluminum. The first step was
to utilize the diameter of the hole formed in the t s/d = 0.5 sheet to establish the
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"eutoff' pressure. By examining the CAMEO cells at the edge of the shield hole

a "cutoff' pressure of betweern 40 and 55 kilobars* was established. Using this
pressure range to assign the amount of rod broken, the length of the rod remain-
ing after impact was predicted from CAMEO. The ratio of the rod length re-
maining to the original rod length (Lr/ L) was predicted to be between 0. 536 and

0. 584; the experimental ratio determined from flash X-rays was 0. 54.

Proceeding to the second impact, a ratio of hole diameter to rod diameter (D/d)
of between 2. 66 and 2. 84 was predicted from the CAMEO output as compared to
an actual value of 2, 75. The predicted values of L r/ L in this case were 0. 857 to
0. 865 and the experimental ratio was 0. 84.

The excellent agreement of the CAMEO-predicted values and the experimentally
determined values for the rod impacts taken with the momentum comparisons
establishes a high level of confidence in the use of CAMEO computations for
thin-sheet impacts.

Prior to performing data computations it was necessary to establish that termina-
tion of the computations upon reaching the maximum debris axial momentum and
kinetic energy would not result in a lack of definition at later times. Examination
of the axial momentum distribution of the debris at various times showed little
change after the termination described above. Examples of the axial momentum
distributions are shown in Figures 13, 14 and 15 for aluminum-aluminum impacts
at velocities of 7.6, 30 and 50 kilometers per second. The termination in Figure
13 was 0.674 pseconds. Prior to this the full momentum had not passed through
the shield. After this time there was very little change for small half angles
through 2.00 pseconds. At 2.00 gseconds the mass loss through smearing or
diffusion had resulted in a total momentum loss. The same effect is seen in both
Figures 14 and 15, After the termination time (0.413 pgsecond in Figure 14 and
0.296 psecond in Figure 15) the entire momentum curve has been displaced down-
ward, reflecting the diffusion mass loss.

* 1 kilobar = 109_ dynes/c_m2T1 megabar = 103 kilobars = 1012- dynes/cm2
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Finally the question of the equivalence of impacts of cylinders and spheres was
examined. Computations were made with aluminum spherical projectiles of the
same mass as cylinders. The spherical projectiles were not true spheres but
approximation to spheres made with the toroidial zones described previously.
The spheres were essentially larger than the cylinders of the same mass having

larger characteristic diameters.

Figure 16 shows equivalent-mass aluminum cylinder and sphere impacts in terms
of the total internal energy of debris that has passed through the shield as a func-
tion of time. As can be seen, the internal energy through the shield for the cylin-
der is greater at any given time than for the sphere. The time behavior of the
internal energies is very similar however, with the sphere curve lagging about

0. 055 usecond behind the cylinder. Figure 17 presents the debris kinetic energy
for the same two impacts; the behavior is similar to that of the internal energy,
again with a time lag of about 0.055 gsecond. After about 0.15 pgsecond the ratio
of internal energy to kinetic energy is the same, indicating that after this time
the debris passing through the shield is in the same state.
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The momentum distributions for equivalent-mass cylinder and sphere impacts at
30 kilometers per second (Figure 18) show very little differences at a compari-
tively late time. Examination of the debris kinetic and internal energies at this
time showed the kinetic energies to be within one percent and the sphere internal
energy to be about nine percent higher than that of the cylinder. The debris mass
was also about nine percent higher for the sphere, showing that more of the shield
debris has been ejected as debris for the sphere impact but that its energy is
primarily internal. The centerline debris densities and velocities for these im-
pacts are shown in Figure 19. Because a computer print-out is not made for
every cycle of computation, the times and distance of travel relative to the rear

- surface of the shield are not the same. Note that the density and velocity struc-
ture is essentially the same for the main body of the debris. When the debris
from the sphere impact reaches the same point as the cylinder impact debris,
the peak density is about the same due. to further expansion of the debris. (This
conclusion is reached by examination of later print-outs and interpolation.) Since
the momentum will control the damage to the second sheet, there seemed to be
no preference between the use of the sphere or the cylinder.
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‘Three categories of data runs were performed: (1) Aluminum cylinders impact-
ing the same shield at varying velocities; (2) Aluminum cylinders impacting
-shields of various thicknesses at a constant velocity; and (3) Cadmium spheres

~ impacting cadmium shields of various thicknesses at a constant velocity.

‘The results of the first category are shown in Figure 20 as normalized axial
‘momentum distributions. The momentum tends to be concentrated within larger
half-angles as the impact velocity is increased through 22.5 kilometers per -
second. At velocities higher than this for the given shield thickness, the momen-
tum again becomes more concentrated near the centerline. This would be expected,
as the radial velocity of the debris for a thin shield is essentially limited to the
escape velocity of the debris vapor. With increasing impact velocities the axial
velocity of the debris is closely related to the impact velocity, while the radial
velocity is not. Thus the debris becomes more concentrated at small half-angles.
In Figure 21 the same data has been presented as momentum intensities. The
momentum intensity is the momentum per unit area on a plane perpendicular to
the centerline (parallel to the shield) at some arbitrary distance from the shield.
At impact velocities between 22.5 and 30 kilometers per second the shield has
been very efficient in distributing the momentum, while at 50 kilometers per
second the debris has become more concentrated at small angles. In none of the
cases considered does any appreciable amount of momentum fall outside a= 1,

or 45°.

The second category of impacts considered was aluminum-aluminum impacts at
30 kilometers per second upon shields varying in thickness from 0.111 times the
projectile diameter to the full diameter of the projectile. These computational
results are presented in Figures 22 and 23. Figure 22 shows the axial momentum
as a function of spray half-angle. As can be seen, the total amount of momentum
increases as the shield thickness is increased with an enhancement of about 44
percent for the thickest shield. This increase in debris momentum is due to
ejection of material from the front face of the shield. The amount of this ejecta
is related to the shield thickness or hole size in the shield. As the shield is in-
creased in thickness the total axial momentum increases and the amount of mo-
mentum at small angles decreases, The overall effect is to reduce the momentum
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load per unit area (Figure 23). The momentum load at a ts/d = 0.5 is almost
uniform to @ =0.7, and for ts/d = 1.0 the load is more concentrated at a= 0.7
than it is at the center of the loaded area. Once again almost all of the momentum
is within o= 1.0 or a 45-degree half-angle,

Figure 24 shows the centerline densities and velocities of the tS/d = 0.111 and
ts/d = 1.0 impacts. Even allowing for further expansion of the debris from the
thinner-shield impact, the peak density will be almost a factor of ten greater
than that from the thick-shield impact. Further, there is a much greater velocity
gradient in the thick-shield debris. The total result will be a more intense,
shorter-~duration pressure pulse generated in the second sheet by the debris from
the thin shield.

Finally a group of cadmium-cadmium impacts at 6 kilometers per second were
considered. Again the shield thicknesses were varied. The axial momentum dis-
tributions from these computations are presented in Figure 25. The results are
qualitatively the same as for the high-velocity aluminum impacts shown in Fig-
ure 22. As the shield is increased in thickness the momentum is more effectively
dispersed to larger half-angles.

With these computations, consideration will be given to the reaction of the second
sheet of a thin-sheet structure. The results of the aluminum-aluminum impacts
were employed to evaluate the resistance of structures to meteoroid impact. As
was said earlier, the expected meteoroid is of the order of 0.5 gram per cubic
centimeter. Impacts of low-density plastic and aluminum projectiles have been
considered in References 10 and 11. These results show much greater heating

of the projectile for underdense projectiles, and lower pressures throughout.

The aluminum-aluminum impacts that have been considered herein show all the
debris to be vaporized at impact velocities of 30 kilometers per second and

greater. One computation for the impact of an underdense projectile was performed.
In this computation the projectile was taken to be expanded aluminum vapor with a
density 0.483 gram per cubic centimeter, or 0.179 times the normal aluminum density.
The impact was at 30 kilometers per second upon a shield 0. 635 millimeter thick.
The projectile had the same mass as the normal-density aluminum cylinders of

28



6¢

AX1AL DEBRIS DENSITY {gm/cm3)

VELOCITY

VELOCITY

DENSITY

CAMEO 11
DENSITY

10!

10

1071

CAMED 14
0.045 gm ALUMINUM CYLINDER 0.045 gm ALUMINUM CYLINDER
IMPACTING AT 30 km/sec IMPACTING AT 30 km/sec
tsid= 1.0 tsid = 0,111
1,11 p sec M 0. 498 usec
] | | | { 1 | | |
1 2 3 0 1 2 3

DISTANCE FROM REAR OF SHIELD (cm)

Figure 24 Centerline Debris Profiles for Two Shield Thicknesses

DEBRIS AXIAL VELOCITY (km/sec)



1.2

| [ I
3 N
€ L00}— —
=
s D
D
= 075 ]
8
= 0.1 0.146 gm CADMIUM SPHERES
—
= IMPACTING AT 6 km/sec
> 0.50f—
E 0 CADMIUM SHIELDS -
Z 0.2
& 0.3
-] By —
0.5
t/d
. 1 1 1
0 0.5 1.0 1.5 2.0
s a=TAN 6
Figure 25 Momentum vs o for 6 km/sec Cadmium Impacts
i | |
Lap—
L2 —
3 0,045 gm Al CYLINDERS
& Lo~ IMPACTING 0.635mm Al SHIELD =
i AT 30 km/sec
= 08 —
=
g o o po* 2.70 gmicm3, 0,413 psec |
= o o~ 0.483 gmicm>, 0,423 sec
0.4}— —
0.2 — _l
0 | 1 |
0 0.5 1.0 1.5 2.0

a=-TAN e

Figure 26 Momentum vs a for 30 km/sec Aluminum Impacts




CAMEO 7 through 14. This impact is the same as CAMEO 8 with the exeption of

. the projectile density. The first point of difference in the results is the maximum

pressure of the impact, with the underdense impact showing a maximum pressure
of about 2 megabars as opposed to a pressure of about 10 megabars for the normal-
———density impact. After about 0.4 microsecond the kinetic energy of the debris is
comparable with the low-density impact, having about 90% the kinetic energy of
the normal-density impact. The internal energy, however, is more than three
times as great in the debris of the low-density impact. A comparison of the mo-
mentum distributions at this time is shown in Figure 26. Even though the debris
from the low-density impact contains about 1.4 times as much mass as the
nprmal-density debris, the total axial momentum is about the same. This means
~ that the axial velocity of the debris from the low-density impact is less than for
the nox’fmal—density debris. In both cases the debris would be, for the most part,

vaporized.

GROSS-DEFORMATION FAILURE OF THE SECOND SHEET

_ A high-speed framing camera sequence of the failure of a thin-sheet target is
shown in Figure 27. The second sheet is given a velocity increment and the sheet
starts to deform very soon after the load is applied. For the case shown, a tensile

failure has occurred after a matter of a few tens of microseconds.

;& Figure 28 shows a flash X-ray of a second-sheet failure. It can be seen that the
( central portion has failed through tension and several cracks have started to
propagate in the sheet. Note that the sheet has failed through tension and no spall

has formed.

' .-To treat this problem theoretically, such factors as the magnitude, distribution,

and duration of the load applied to the target must first be determined. Then the
large-deformation dynamic response of the target has to be calculated, taking

into account the elastic and plastic behavior of the target.

A description of the distribution of the load is available from the hydrodynamic
calculations. These distributions have been utilized to determine the target re-
sponse; the treatment used will be described chronologically in order to describe

it as clearly as possible.
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The following assumptions were initially made:

(a) The load is uniformly distributed over a circular area with a diameter
equal to one-half the spacing.

(b) The load is applied so quickly that the loaded area is effectively given
an initial velocity increment.

(c) The momentum transferred to the loaded area is equal to twice the

momentum of the original particle.

The main justifications for assumptions (a) and (b) come from Figure 27, whereas
a momentum multiplication factor of two, assumption (¢), has been chosen for

the following reasons: Since the impulsive load applied to a target increases

with increasing impact velocity, the inner hull for a spacecraft must be designed
to resist a meteoroid at the maximum expected velocity of 30 km/sec. At this
velocity, most of the debris coming through the shield will be in gaseous form.
Hence, if it is assumed that the momentum of the debris is equal to the momentum
of the original particle and that perfectly elastic collisions occur between each
gas atom and the target, then the momentum multiplication factor should be two.

Given the loading, the next part of the problem is to determine the response of
the target (assumed to be a thin shell). However, the problem of determining
dynamic deformations and stresses in thin shells involves, in general, a complex
system of nonlinear differential equations. For these problems that involve both
large deflections and plasticity effects, a numerical technique has been developed
by Witmer, et al.(lz) This technique is based on a finite difference approximation
for the original differential equations. These finite difference equations are then
used to describe an equivalent lumped-parameter model. For the timewise-step-
by-step numerical analysis, the increments in stress resultants and stress couples
are determined by idealizing the shell thickness as consisting of n concentrated
layers (six layers were used in all the present calculations)., Also, the material
behavior used to determine the above increments can include elastic-perfectly
plastic, elastic-strain hardening, or elastic-strain-hardening strain-rate-

sensitive behavior.
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The success of the above technique has been shown in Witmer's paper(lz) ina

comparison of theory and experiment for explosively loaded beams.

Figure 29 shows the situation that was first investigated to determine the motion
and stress in the backup sheet.(lz) In this approximation a strip (or beam) of
material through the center of the loaded area was considered. The rear sheet
material was taken as 7075-T6 aluminum. This material was assumed to behave
in an elastic-perfectly plastic manner with a yield strength o, of 4.67 x 109

0
dynes/cm2 (70,000 1b/ in.2) and a percentage elongation to fracture of 11 percent.

The first step is to calculate the initial velocity A imparted to the center portion

of the strip. From the previous assumptions this is given by:
32M V
P D

Vi=—g— (4)
mS pbtb

where Mp and Vp are the mass and velocity of the impacting particle; S is the spac-
ing, and Py, and tb are the density and thickness of the backup target. For the initial
calculation, the following parameters were used: Mp =0.045 grams and tb =0.8mm,

— <
o o

,\l S/4
, — S
£ S W -
W

Figure 29 Strip Approximation
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The results of the calculation are shown in Figures 30 and 31. The centerline
deflection, the tensile strain at the edge of the loaded area, and the tensile
strain at the center of the load are shown in these figures. Figure 30 includes
the experimental curve of centerline deflection determined from the framing-
camera photos in Figure 27, indicating good agreement between theory and ex-
periment, Note that in Figure 31 the fracture strain is first reached at the edge
of the loaded area after about seven microseconds; after this time the solution
is academic. There is also some evidence of spalling in Figure 27, and such

initial wave effects have been ignored for the moment.

The above calculations were repeated for a backup sheet 1. 6mm thick. The re-
sults showed that the peak strain occurs at the center of the sheet, and that the
sheet should not fracture. Experiment showed that only a small perforation occurs,
and this is due to spallation.

With the above reasonable agreement between theory and experiment, it was de-
cided to use the strip approximation further. Because solutions are required for
an effectively infinite rear sheet, it was considered necessary to find out how
long a strip is effectively infinite for the time of interest in the present problem.
To do this, the first analysis (25.4cm span) was repeated for a 50. 8cm span,
with the result that up to about 100 microseconds no difference was found in
centerline deflection, edge, or center strain for the two cases. Since in most
situations of interest either the maximum or fracture strain would occur in less
than 100 microseconds, it was decided that a 50. 8cm span would correspond to

an effectively infinite sheet and would be used in all subsequent calculations.

The strip approximation was used to determine the response of backup sheets of
various thicknesses for impacts of 3.2mm particles at velocities of 7. 62, 15,2,
22.8 and 30.4 km/sec. The results at 7.62 km/sec (Figures 32—34) show that
there is a large difference between backup-sheet thicknesses required for no-
yield failure (maximum strain less than 0.7%) and no-fracture failure (maximum
strain less than 11%). Also, it can be observed that for sheet thicknesses above
about 1.6 mm the maximum strain occurs at the edge of the loaded area. Similar

solutions to Figures 32-34 have been obtained for the other three impact velocities.
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Figure 34 Maximum Edge Strain vs Thickness

The resulting curves of sheet thickness against impact velocity for failure criteria
of yield, maximum strain of 2%, 4%, and 6%, and fracture are presented in Fig-
ure 35. The surprising aspect of this figure is that for each failure criterion the
curve of tb against velocity is nearly linear. This is surprising in view of the

fact that the basic mechanisms are nonlinear. It is also seen from this figure

that, above about 4% maximum strain at a given velocity, a small decrease in
thickness produces a large strain increment. Thus it would appear wise to design

for no more than a few percent maximum strain,

Figure 36 shows results similar to those of Figure 35, but for 1. 02mm-diameter
aluminum spheres. The same comments can be made concerning the results for
this particle that were made for the 3.2mm particle. Note that the crowding of

the constant maximum-strain lines is seen to increase with decreasing particle

size.
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From Figures 35 and 36, the backup-sheet thicknesses for the yield and fracture
criteria can be plotted against particle diameter at a number of velocities. When
this is done it is found that, for either criterion, tb is approximately proportional
to the cube of the particle diameter. Thus, under these conditions, Equation (4)
indicates that Vi the initial velocity of the loaded area, is roughly constant.

Spacing of 2.54, 5.08, and 10.16 cm were investigated for an Apollo-~scale particle
(1.02mm diameter) at 30.4 km/sec. The results for both the yield and fracture
criteria show that the sheet thickness necessary for either decreases approximately
with the inverse square of spacing. This result, plus those of the preceding sections,
gives rise to an approximate equation for rear-sheet thickness. For 7075-T6 alum-
inum this equation is given by

M Vp
t=C—g+ ®)
S
where C = 415 + 140 and 82 + 14 for the yield and fracture criteria, respectively,
tb is in millimeters, Mp is in grams, Vp is in km/sec, and S is in centimeters
(Note: because the exact solutions do not require vy in Equation (4) to be exactly

constant, there is not a constant value for C at a specific maximum strain).

In many space applications, the structure to be protected will be a pressurized
fuel tank; hence, it was decided to investigate the effect of pre-tensioning the rear
sheet (in one direction only). The computer code for the strip approximation can
accommodate such pre-tensioning, and solutions were obtained for a 1.04mm
particle at 30.4 km/sec with pre-tensioning of 25%, 50%, 75% and 100% of the
static yield stress. The centerline displacements against time are shown in
Figure 37.

These results reveal that the thickness required for the yield criterion is not
very sensitive to pre-tension, the value of the yield stress being less than 10%
greater than that at zero (see Figﬁre 38). The thickness based on the fracture
criterion is sensitive to the amount of pre-tension increasing by more than 60%
of the yield stress.
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The strip approximation has been shown to be in good agreement with experimental
results; however, the complete solution should consider a centrally loaded circular
plate. The numerical technique of Witmer, et al,(lz) has been applied to the plate
analysis and the results agree well with those from the strip approximation. Such
comparisons are shown in Figures 35 and 36. Both the strip and plate treatments

are more fully described in Appendix A.

Finally, the plate analysis has been used to compute the second sheet reaction
utilizing the hydrodynamic momentum distributions. The strain versus sheet
thicknesses for these distributions are presented for the aluminum-aluminum
impacts in Figures 39 through 47. A momentum multiplication factor of two was
used.for all the impacts except those at 7.6 kilometers per second, where a

multiplication factor of 1. 3 was used (this value was experimentally determined).

Common to all of the strain-versus-thickness plots is the rapid increase in strain
as the thickness decreases for strains above about 5%. This indicates that it would
be unwise to design a structure near the fracture point or to accept a very large
strain. Also, it was noted that for a particular strain the thickness was to a
first-order proportional to the momentum intensity at o = 0.2 in the axial mo-
mentum distribution. '
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In Figure 48 the thicknesses to prevent fracture and yield are given as a function
of velocity. Note that the thicknesses are no longer linear functions of the impact
velocity.

If the thicknesses given in Figure 48 are compared to those in Figure 35 it can
be seén that the use of the distribution has considerably reduced the thicknesses
required to prevent fracture or yield. This result would seem to be due to the
fact that the larger loaded area utilizes a greater amount of the second sheet ma-
terial to absorb the load.

The variation of shield thickness results were used in Figure 49 to determine the
total thicknesses to prevent fracture at an impact velocity of 30 kilometers per
second. Here the ordinate is the total structure thickness, i.e., the shield and
second- or backup-sheet thickness. The result is a broad, flat minimum from
about ts/d = 0.3 to 0.7. This "optimum' shield thickness is greater than that
predicted in Reference 6, but the basis of the determination of "optimum' is much
different in Reference 6 than it is here. Again in this figure we see that if the
shield is overly thick nothing serious occurs; however, if the shield is just a

little too thin a severe weight penalty must be paid to avoid fracture.

The next problem considered was whether the plate analysis results could be
scaled with projectile mass and intersheet spacing. If not, it would be necessary
to compute each case of interest. In Figures 50 through 54, the strain versus

thickness plots are given for a number of impact conditions.

For these comparisons the '"scaled input' points were obtained by scaling the
input momentum distribution to the plate analysis proportional to the impacting
particle mass. The original computational results were scaled directly with the
particle mass to obtain the "'scaled output' points. As can be seen there is prac-
tically no difference between these results, leading to the conclusion that the
backup thickness for a particular ts/d and spacing is directly proportional to the
impacting projectile mass.
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The effect of spacing with the CAMEO momentum distributions was considered
in the same manner as the effect of projectile mass. These results are shown

in Figures 55 through 59. Here the original results were scaled as one over the
square of the spacing. Again there is essentially no difference between the
"scaled input' and "'scaled output' results, with the conclusion that the results
can be scaled as backup thickness proportional to one over the square of the
spacing. The combination of these results leads to the backup thickness for a
particular ts/d being directly proportional to the impacting particle mass divided
by the square of the spacing.

The above results are based on the assumption that the debris that strikes the
second sheet is in a liquid or vapor form with a density much less than that of
the impacting particle or shield. This will not be the situation if the spacing be-
tween the sheets is small compared to the particle size. This corresponds to the
CAMEO calculations for the early time flow before the debris is ''set'". For the
debris in this form, cratering of the second sheet will take place. Secondly it
has been assumed that the velocity vectors of the debris all pass through the im-
pact centerline exactly at the rear surface of the shield. This is not the case in
the CAMEO results, where the debris appears to be coming from along the
centerline within the shield or particle. Thus the debris is not spreading quite
as rapidly as has been assumed. The results as presented should not be applied
to large particles impacting thin shields with short spacings to the second sheet

(less than eight particle diameters) or to very large spacings.

Using the scaling results, it is possible to express the thickness to prevent frac-
ture for impacts at 30 kilometers per second as a function of the shield thickness,

particle size, and spacing as

M 2
¢ D <5.oa> [0.0102 +o.o79] ©)

f 0.045 S (ts/d)z

where
Mp is the particle mass in grams

S is the spacing in centimeters
ts is the shield thickness in centimeters
ty isthe second sheet fracture thickness in centimeters.
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Equation (6) shows that the dominant factors in determining the thickness to pre-
vent fracture are the projectile mass and the spacing, with the shield thickness
to projectile diameter ratio becoming important only if it is small. Use of the
equation is restricted to 30 km/sec impacts in which the spacing is fairly large
(greater than eight projectile diameters), the debris is underdense and molten or

vaporized, and the shield thickness ratio is in the range of about 0.1 to 1. 0.

This result applies to aluminum on aluminum impacts with the second sheet ma-
terial of 7075-T6 aluminum. The formula can be used to evaluate the resistance
to fracture of the second sheet of a two-sheet structure with the ts/d ratio com-
puted on the basis of the equivalent-mass aluminim particle. It would be unwise
to design a two-sheet structure on the basis that it just resist fracture, because

of the sensitivity of the maximum strain near the fracture point.

The combination of the CAMEO hydrodynamic computations and the plate analysis
were applied to cadmium-cadmium impacts to provide the basis for an experi-
mental check. In these computations a momentum multiplication factor of 1.4

was used.

This value was determined from experiment. Four shield thicknesses were com-
puted for an impact velocity of 6 kilometers per second. The fracture thicknesses
versus shield-thickness ratios are shown in Figure 60, together with experimentally
determined fracture thicknesses. In all cases the fracture thicknesses found ex-

perimentally are much less than those predicted.

It is felt that this discrepancy is probably due to the way in which the debris
transfers its momentum to the second sheet. A momentum transfer ratio of 1.4
has been observed experimentally and it was assumed that the debris delivered
1.4 times its momentum to the second sheet independent of spray half-angle. The
debris is more concentrated at small spray half-angles and there is an indication,
from framing camera records (Figure 61), that the leading edge of the debris
reflects after striking the second sheet. In this figure the reflected front can be
seen after the debris has struck the second plate. This material travels back to
the shield and some of it passes through the hole and overtakes the debris ejected
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from the shield, causing light to be given off (the last two frames). The passage of
the front of the debris back through the later debris would be expected to reduce
thé momentum transfer. Since the interaction would be greatest where the debris
is most dense, the small spray half-angle debris would be affected the most.

The reaction of the loaded plate is very dependent upon the small spray half-angle
load, and this interaction is probably the cause of the 1ow experimental values.
Stated another way, the momeritum multiplicat_ion factor is probably a function

of spray half-angle. (There is some indication of this in the results shown in
Figures 9 through 12.)

A number of scaling experiments were also performed with cadmium-cadmium
impacts. When the projectile mass was reduced by one half with a shield thick-
ness ratio of 0.2, the fracture thickness was reduced from 0.64-0. 81 millimeters
to 0.46-0. 64 millimeters. The results of varying the fracture thickness with -
spacing are given in Table II below.

Table I
CADMIUM-CADMIUM IMPACTS AT 6.7 km/sec

ty t t
t /d 5.08 cm 10.2 cm 2.54 cm
s spacing spacing spacing
0.1 2.28-3.18mm 0.41-0.64mm . -~
0.2 0.64-0, 81 0.25-0.64 -
0.385 0.64-0,81 0.25-0.38 2.54-3, 18mm

These results are in good agreement with the mass and spacing scaling predictions.

SPALL FAILURE

The impact of the projectile-shield debris upon the second sheéet generates a
shock wave in the second sheet. This wave upon reflection can cause fracture
or spall of the second sheet. Analysis of this problem requires consideration
of the strength of the second sheet. This problem has been treated by use of the
two-dimensional elastic-plastic analysis described in Appendix B.
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The debris distributions from the CAMEO computations were utilized as the input
to the spall calculations. The second-sheet treatment included the effects of
strength, while the impacting cloud of debris was treated as purely hydrodynamic.

The results of CAMEO 8 were used to determine if the gross-deformation-failure
thickness determined above would spall. This is the impact of a 0.045 gram alum-
inum projectile upon an aluminum sheet 0. 635 millimeters thick. A second sheet
of 7075-T6 aluminum is spaced 5. 08 centimeters from the first sheet or shield.
The second-sheet thickness is 3. 18 millimeters. This computation showed a rise
to a compressive stress of about 70 kilobars in the second sheet. The pulse dura-
tion was very long and multiple reflections occurred within the sheet. The maxi-
mum tensile stress was found to be about 7 kilobars. The 7075-T6 aluminum

would spall with a tensile stress of about 13 kilobars.

These results show that the shape and duration of the pressure pulse applied to
the sheet have overriding importance in determining whether the sheet will spall,
This pulse is determined by the debris cloud that strikes the plate. From the
computation it is expected that for this impact:

a) Less spacing will cause spall, greater spacing will not
b) Larger projectile masses will cause spall, less mass will not
¢) Thinner (ts/d) shields will cause spall, thicker shields will not

d) Higher projectile dengsities will cause spall, lower densities will not.

Spall here refers to fracture of the material. This does not mean that material
will be detached from the surface, but only that there will be an internal fracture.

This provides a conservative estimate of spall damage.

INTERACTION OF DEBRIS WITH A SHIELDED TARGET — EXPERIMENTAL

Experimental studies in support of the theorteical studies described in the previ-
ous section have been performed with a light-gas gun at impact velocities up to
eight kilometers per second. This section describes some of the results of these
experiments. Appendix C presents the raw data from all the experiments.
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Momentum Multiplication

Extensive experiments utilizing a ballistic pendulum were carried out to measure
the momentum transfer to the second sheet as a function of impact parameters.
Initial experiments involved the measurement of momentum applied to the backup
while varying the bumper thickness and the impact velocity in aluminum-aluminum
impacts. The results of these experiments are summarized in Figure 62. The
thin bumpers (0. 305 mm, 0.635 mm and 1.02 mm) gave very similar results.

The ratio of the measured momentum applied to the backup sheet divided by the
incident projectile momentum increased with velocity up to about 5 kilometers

per second, then remained constant throughout the rest of the experimental range.
The thicker shield, 1.6 mm, exhibited a continued increase in the momentum
multiplication ratio throughout the experimental range. Since it has been argued
that the momentum multiplication ratio for the thin-sheet impact case has an upper
bound of 2.0, and semi-infinite impact has no upper bound,(lo) it is to be expected
that the momentum multiplication ratio should show an increase for the thicker

targets.

The momentum multiplication values presented in Figure 62 cover the range of
solid-debris impact through completely melted debris. There appears to be no
sharp change in behavior in this transition, with perhaps the exception of a change
of slope at about 5 kilometers per second corresponding to the onset of melting

in aluminum-aluminum impact.

Experiments were performed in which the second sheet was of 1100-0 aluminum
in place of the 7075-T6 aluminum used in all other tests. No difference in mo-

mentum multiplication was observed.

As a test of the effect of spacing upon the momentum multiplication ratio, ex-
periments were conducted with spacings less than the 5.08-centimeter spacing

of the previously described experiments. The values obtained in these experiments
were identical, within the +4% error of the measurements, to the values obtained
with the 5. 08-centimeter spacing (Table IIT}) with the exception of two measure-

ments made with 1.27mm spacing which gave higher values,
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Table IIT
EFFECT OF SPACING

Shield |
. Thickness Impact Spacing Momentum

Shot No. (mm) Velocity {cm) Multiplication
D-1852 0.64 5.82 2,54 1.36
1556 7.32 1.35
1225 1.02 5.88 1.43
1851 7.62 1.39
1854 1.%0 5.64 1.32
1853 7.86 1.45
1560 0.64 5.86 1.‘27 1.70
1352 7.07 1.35
1336 7.29 1.68
1557 7.35 1,34
1850 ! 7.47 1.29

No explanation for these anomalous measurements has been found. This spacing
is four projectile diameters and the debris is overdense when it strikes the
second sheet, causing some cratering., It is not clear why this would not result

in reproducible momentum transfer.

On the basis of these experiments it is concluded that spacing has no effect on

momentum transfer for spacings greater than eight projectile diameters.

The value of the momentum multiplication factor attained for the aluminum-
aluminum thin-sheet impact case was much less in the case of the three thinnest
shields than the value of 2.0 postulated as the upper bound. The aluminum-
aluminum impact represented a liquid debris impact and it was felt that perhaps
the impact of vapor debris would more closely approach the value of 2.0. Experi-
ments were performed with cadmium and lead projectiles and shields in which
the debris striking the backup sheet was in vapor form. The results of these ex-
periments are shown in Table IV. As can be seen, the values attained are again
much less than 2. 0.
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Table IV

CADMIUM-CADMIUM AND LEAD-LEAD IMPACTS

Shield Impact
Thickness Velocity Momentum
Shot No. (mm) (km/sec) Multiplication
D-1230 0.33 3.60 1.26
1453 | 5.18 1.28
1019 5.61 1.34
1889 6. 83 1.42
1884 0.48 7.01 1.39
1046 0.64 3.18 1.21
1324 5.38 1.41
1326 5.70 1.40
1327 5.76 1.38
1045 6.40 1.41
1454 6.40 1.39
1580 1.22 3.69 1.39
1581 5.18 1.48
1888 6. 89 1,52
1883 7.01 1.48
3.18mm Cadmium Spheres 5.08 cm Spacing
1891 0.48 4,91 1.31
1890 6.89 1.39
2.57 mm Cadmium Spheres 5.08 cm Spacing
1820 0.89 4.51 1.43
1819 4,85 1.48
1822 1.78 4.18 1.24
1821 4,36 1.24
3.18 mm Lead Spheres 5.08 cm Spacing

The experiments performed with 0. 64mm cadmium shields represented a transi-
tion from liquid debris striking the backup (the test at 3. 18 kilometers per second)
to vapor debris. The value of the momentum multiplication ratio reached a value
of 1.4 at 5. 38 kilometers per second and remained unchanged throughout the
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experimental range. The experiments performed with the 0. 33mm cadmium
shields covered the transition from solid debris to liquid debris. Again the highest
value attained is far less than 2.0, The 1.22mm cadmium shields and the lead
tests represent vapor debris impacts, and again the momentem ratio is much

less than 2.0.

Low-Density Projectiles

Four sets of experiments were performed using low-density and underdense
materials for projectiles. The first series of tests was performed using Inlyte

as the projectile material. This material is composed of very small hollow

glass spheres held together in a plastic matrix. The projectiles used had a bulk
density of 0.73 grams per cubic centimeter. The values of momentum multiplica-
tion obtained for impacts against aluminum shields (Table V) are about the same
as observed for aluminum-aluminum impacts. Examination of the backup sheets
showed fragment damage (probably from shield fragments) and no evidence of

melting of the aluminum,

Table V
LOW-DENSITY IMPACTS
Shield Impact
Thickness Velocity Momentum
Shot No. Projectile (mm) (km/sec) Multiplication
D-1391 4. 90mm Inlyte 0.64 4,69 1.20
1394 0.73 gm/cm® 0.64 7.91 1.24
1393 0. 305 4,68 1.25
1575 4, 19mm Nylon 0.64 4.11 1.45
1561 1.18 gm/cm3 0.64 7.50 1.52
1349 1.02 6. 31 1.55
1371 1.02 7.13 1.51
1653 2.62mm Foam Cu 0.64 5.99 1.36
1344 4.88 gm/cm® 1.02 3.29 1.46
1345 1.02 5.15 1.24
1652 1.02 6.61 1.39
1650 2.62mm Foam Ni 0.64 6. 50 1.43
1346 4.88 gm/cm® 1.02 5.03 1.35
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The second series utilized foamed copper and nickel as the projectile material.
These foamed metals have approximately one-half the density of the fully dense
materials. With the projectiles, the momentum ratios were about the same as
for aluminum-aluminum impacts. The backup targets showed some evidence of
melted aluminum from the shield and some cratering, The foam material with
its many internal surfaces would not be expected to transmit the shock very well,
and incomplete projectile breakup results with a fairly thin sheet. With the 1.02-
millimeter shield this was less evident than with the 0. 64-millimeter shield.

Nylon projectiles were used in the last series of tests. The nylon is fully dense
with a density of 1. 18 grams per cubic centimeter. In contrast to the underdense
Inlyte, copper, and nickel, the momentum ratio was quite high (Table V). The
second sheets showed damage similar to that observed with the Inlyte projectiles
with many small craters apparently caused by shield fragments. Here there was
no evidence of melted aluminum. Because of the similarity in the damage to the
second sheet for the nylon and Inlyte impacts, it must be concluded that the
differing values of momentum transfer must be due to some property of the
projectile.

Throughout all the momentum measurements no value of momentum multiplica-
tion over 1.55 was observed for impacts with intersheet spacings of eight pro-
jectile diameters or greater. For intersheet spacings of four projectile diam-
eters two values of momentum multiplication of about 1.7 were observed. In no
case was a momentum multiplication ratio near 2.0 observed. The lack of attain-
ment of momentum multiplication ratios near the limit of two can be accounted
for by a probably lack of perfectly elastic vapor impact on the second sheet and
internal interaction of the debris cloud as it strikes the second sheet.
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STRUCTURES

The foregoing has dealt with simple structures, two sheets, subjected to normal
impacts. This section will deal with more complex structures and non-normal
impacts. These situations lend themselves, to a greater or lesser degree, to

analysis,

FILLERS

Under some conditions it is desirable to introduce a filler material between the
sheets of a two-sheet structure. This filler material can take the form of a
honeycomb for structural rigidity or additional sheets or foamed material for
thermal insulation. In general the addition of mass to a structure increases its
resistance to impact damage but studies of fillers, honeycombs in particular,

have indicated that they may make the structure more vulnerable.(ls)

The first of these fillers considered was additional sheets between the two pri-
mary sheets. The strip analysis was used to examine the amount of momentum
that passed through a sheet when the sheet was less than the fracture thickness.
When fracture occurred in any of the six layers in the strip, the momentum of
the broken segment was summed. The result of this procedure is shown in Fig-
ure 63. These results indicate that the use of multiple sheets offers little or no
advantage over single backup sheets, as there is no significant decrease of mo-
mentum through the second sheet until the second sheet is of approximately 90%
of the fracture thickness.

A series of experiments was conducted to test the validity of this approach. The
first three experiments utilized the ballistic pendulum behind various thicknesses
of the second sheet to attempt to measure the momentum delivered through the
second sheet. The results of these tests are summarized in Table VI.
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Table VI
MOMENTUM THROUGH BACKUP

Shot Number D-1437 1400 1442
Velocity 8.05 km/sec | 17.60 7.50
% of Fracture Thickness 32 50 100
Momentum Through Backup

(Actual) 1.38 0.65 0.417
Momentum Through Backup

(Predicted) 0.99 0.95 0
All tests 3. 18-mm aluminum spheres, 5.08-cm spacing, 7075-T6
aluminum backups

The poor agreement between the experiments and the predictions is due in part
to spall from the second sheet and also to the momentum multiplication in the

catch material on the ballistic pendulum.

On the basis of these experiments a lower bound was set on the momentum coming
through the loaded sheet as the momentum fraction remaining being equal to one
minus the sheet thickness to true fracture thickness ratio. This lower bound is
indicated in Figure 63 by the dotted line. Using this lower bound it is possible to
analyze two cases of multiple sheets. Both cases require that the first sheet or
shield breaks up, melts or vaporizes the impacting projectile and spreads the
debris such that the blast loading analysis is applicable.

First assume that no spread of the debris takes place after the fracture of the

second sheet. The situation is illustrated in Figure 64.

In this diagram Prl is arbitrary and tc is defined as the fracture thickness for a
second sheet spaced at S for a two-sheet structure. The true fracture thickness
of the nth

2
S
- (5)

sheet is Tn . From the scaling results
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Then the total of the p is

n -1 2 s,
12=1Pi='§ P, + <§—> [1 -<_sl> (B, + Py +Pg+.... +Pn_1)]

If n sheets are better than two, the sum of the p must be less than one; so

n
ZP.< 1
i
j-1
or
2
-§S— <1
1
or
S<S1

which is not so. Therefore two sheets are better than n for the case where the

debris is channeled after fracturing the second sheet.

For the second case assume that the debris continues to spread after each sheet

fractures and that the sheets are uniformly spaced (Figure 65).

With the notation as above
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Generalizing, the momentum fraction to the last sheet is

M S 2

2 28,\2 35, \2 n-18
n-l _g-p () -p =) -Pof—) - -P 1
M 1\8 2\75 3\ et T Fho1\T8

2
S
1 2
1 —<§> [Pl + 22P2 + 3 P3 + ceee + (n-1)2 Pn-l}

2

s 2

1 2 2 2 s
T = 1..(?) ['1f2 P, + 3°Pg +.... + (n-1) Pn_l] ]<ﬁ1—> to
o "n
==

2
P =11 °1 p. +22p, + (n-12p
n— -_— -—S—' 1 + 9 + e0ee + (N~ n-1

Then the sum of all the p is

R

- al 2
-3 pe() -5 S i2p,

= R <ns1> n? &y i

If n sheets are better than two the sum of the p must be less than one or
n-1 i2
> B <1 = "2) <0
i=1 n

which cannot be so. Therefore two sheets are better than n for the sheets

uniformly spaced and with the debris spreading after the fracture of each sheet.
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Further generalization of the second case with the sheets placed arbitrarily an
S distance from the shield leads to the sum of the p as

n n 92 n-1 9
n-1
= 1+i=21 P, (1 - a?)

Again for n sheets to be better than two

n
P.<1

i
1=1

or
n-1

ZlPi(l—aiz)< 0
1=

or at least one of the a; must be greater than one. This says that one of the
intersheet spacings must be greater than S . Therefore for all cases two sheets
are better than n within a given spacing, provided the mode of failure is blast

loading.

Experiments with aluminum-aluminum and cadmium-cadmium impacts supported
the conclusion that two sheets provide more protection than n . In some cases

the addition of a third sheet increased the vulnerability of a structure. An impact
of a 3.18-millimeter-diameter cadmium projectile at 6.5 kilometers per second
upon a 0.64-millimeter cadmium shield with 5.08 centimeters spacing to a 7075-T6
aluminum second sheet 1.02 millimeters thick did not cause failure of the second
sheet. However, when a 7075-T6 aluminum sheet 1.02 millimeters thick was

inserted between the shield and second sheet, all three sheets failed.

Examination of Figure 66 gives an indication of the reason for this. As can be

seen the sheet upon failure seems to cause a restriction in the spread of the debris.
This causes a higher load per unit area upon the next sheet than would occur if

the debris were allowed to spread.
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Figure 66 also shows that debris from the sheet that has failed will impact the
next sheet. This solid debris is not accounted for within the blast-loading treat-
ment. If the primary damage mechanism is the impact of this solid debris, the

blast-loading analysis will not apply.

Experimentally, the only advantage that multiple sheets offered was to catch

spall fragments from the preceding sheet.

HONEYCOMBS

The second filler to be considered was the honeycomb added between two sheets,

such as on the Apollo Service Module.

To obtain an understancing of the reaction of the honeycomb to the debris passing
through a shield, the two-dimensional hydrodynamic computation results were
examined. The debris in the cases of interest is in a liquid or vapor form and
expands radially at a maximum velocity of about one-half of the axial velocity.
This debris would be expected to impulsively load the honeycomb from the inside.
Any particulate debris from the late stages of hole formation in the shield would
not impact the honeycomb until after the impulsive loading had taken place.

The basic questions to be considered with the honeycomb are whether the honey-
comb cell will break and, if it does, will the projectile-shield debris be chan-
neled.. To attempt to answer these questions a somewhat simplified analysis was
performéd. The honeycomb cell was assumed to be a circular cylinder rather
than a hexagon. The impact was-assumed to take place normal to the shield and
in the center of the circular cell. The radial momenta were then taken from the
two-dimensional hydrodynamic calculations and used to cé.lculate the impulse
delivered to the circular cell, Given the wall thickness of the cell, the maximum
radial velocity of the cell wall can be obtained. This velocity can then be com-
pared with the radial velocity of the debris. The velocity of the cell wall computed
is not the actual radial velocity but rather the velocity it would have if all the
debris radial momentum were instantaneously imparted to it. This is not actually

the case, as the debris impacts over some period of time. It is possible that the
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debris first striking the wall and rebounding interferes with that debris that is
trailing. Thus if the maximum radial velocity of the cell wall is less than the
debris radial velocity the debris will strike the wall, rebound and be channeled.
For the debris not to be channeled the computed velocity of the cell wall must be
at least equal to the debris radial velocity.

In the case where the debris is channeled, the backup thickness requirements
can be obtained from the plate calculations made with the uniform S/2 momentum
distribution. If the debris is not channeled, the backup thickness requirements

will be somewhere between the thicknesses with no filler and the channeled thick-

nesses. Based upon this analysis a honeycomb will be a detriment to the meteoroid-

protection capabilities of any two-sheet structure.

The analysis performed states implicitly that the honeycomb damage mechanism

e 11

is controll A ey $tha mom Y L s v\d '

€a oy une
is a function of the impact velocity, thus a velocity-scaled honeycomb experiment
is not possible. It was necessary for this reason to perform experiments to test

the analysis, and no attempt was made to simulate high-velocity impacts.

The experiments that were performed utilized cadmium-cadmium impacts so
that the debris would be in the heated liquid or vapor state to effectively blast
load the cell interior. The haneycomb was represented by a thin circular tube
of 6061-T6 aluminum. The impacts were in most cases in the center of these
cells, and the reaction of the cell is typified by the framing camera sequences
shown in Figures 67 and 68. Figure 69 shows flash X-rays of similar impacts
a few microseconds after the first-sheet impact. From these figures it can be
seen that the cell wall starts to expand very soon after impact and soon breaks.
However, the cell wall has not achieved a high enough velocity to get out of the
way of the debris. As can be seen in Figure 69 the cell wall has broken but the
debris is well channeled down the tube. By channelling the debris the load applied
to the second sheet is very much restricted in expanse, producing a very high
momentum intensity. This high-intensity loading requires that the thickness of.

the backup sheet be increased to resist any given level of damage.
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The radial momenta from CAMEO 23 and 24 were used to compute the tube wall

thicknesses which would be expected to channel or not to channel the debris for

cadmium-cadmium impacts. For an impact at six kilometers per second and a

shield ts/d = 0.5, a tube 1.27 centimeters in diameter and 0.41 millimeters
thick would channel the debris while a tube thickness_ of 0.05 millimeters would
not. For ts/d = 0. 3 the tube thicknesses are 0.2 and 0. 02 millimeters respec-

tively. Experiments performed with the above conditions within the range of tube

sizes resulted in failure of the tube and channeling of the debris (see Table viI).

Table VII

3.18 mm CD SPHERES - 5.08 cm SPACING
ALL CADMIUM SHIELDS - 7075-T6 ALUMINUM SECOND SHEETS

Second Tube
Shield Sheet
Shot Velocity | Thickness|Thickness | Diameter | Thickness|
No. (km/sec) (mm) (mm) (mm) (mm) Damage
D-1921 6.85 0.48 4,82 14.5 0.18 Perforationw
1922 6.98 0.48 6. 35 14.5 0.18 |Perforation
1912 6.83 0.48 2.54 14.5 0.18 |Perforation
1910 6.83 1.22 2.54 14.5 0.18 |Perforation
1909 6.50 0.33 3.18 14,5 0.05 |Perforation
1913 6.85 0.48 2.54 14.5 0.05 |Perforation
1952 6.67 1.60 2.54 14.5 0.05 |Perforation
1905 6.95 1.22 1.02 14.5 0.41 |Perforation
1906 6.92 1.22 1.02 14.5 0.41 |Perforation|
1907 6.85 1.22 1.02 14.5 0.05 |}Perforation
1946 6. 67 0.48 2.54 24.6 0.15 |Perforation
1947 6.55 0.48 - 2.54 8.4 0.15 |Perforation
1948 6.48 1.22 2.54 8.4 0.15 |Perforation
1908 6.92 0.33 3.18 14.5 0.25 |[Perforation

As would be expected, larger-diameter tubes and thinner shields also caused

channeling. The second-sheet failures are typified by those shown in Figure 70;

the failure in these cases seems to be a shear failure with the portion of the

second sheet under the honeycomb all thrown out almost intact. As can be seen

by the damage to the third sheets, this fragment can cause considerable further

damage.
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With a ts/d = 0,15 cadmium shield and a 0. 18-millimeter tube wall thickness,_ the
second sheet had to be between 4. 82 and 6. 35 millimeters thick to avoid failure.
Using the results of the blast loaded plate in Figure 35, the backup thickness to
prevent fracture was computed to be 10. 8 millimeters. This is compared to a
fracture thickness of between 1.0 and 1.27 millimeters for the same structure
without the tube. This honeycomb then results in an increase of at least a factor

of 3.8 in the backup thickness required to prevent failure.

When the simulated honeycomb was subjected to oblique impacts the debris was
still channeled to some extent but the main body of the debris impacted the side
of the tube, caused it to fail, and then continued to spread.

1t is concluded from the analysis and from these tests that a honeycomb will not
increase the meteoroid-impact resistance of a structure and can result in a

serious degradation of its resistance to failure.

LOW-VELOCITY IMPACT

The predictions of second-sheet failure made earlier have assumed that the
debris passing through the shield essentially blast-loads the second sheet. This
assumption is true only if the impact occurs at velocities sufficient to cause the
debris to consist of very small particles or a vapor. For aluminum-aluminum
impacts this condition is achieved when the debris contains molten material,
say at 7 kilometers per second. At velocities lower than this incomplete frag-
mentation of the projectile occurs and the fragments passing through the bumper
can inflict substantial damage on the rear sheet.

To investigate this effect, several tests were conducted with 3. 18mm aluminum
projectiles at low velocities. Figure 71 shows the penetration results for these
experiments along with results at higher velocities. Also shown are the thicknesses
" to prevent perforation and/or-spall over the range of velocities. It can be seen'that
for this structure (0.64mm 1100-0 aluminum shield with 5.08cm spacing to a
7075-T6 aluminum backup) that a peak in penetration and necessary thickness to

prevent second-sheet rear-surface damage occurs at about 2.5 kilometers per
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second. At higher velocities the thickness decreases as the projectile is well
fragmented, then increases again as the blast loading becomes more severe,
The thickness to stop the projectile at 2,5 kilometers per second is the same as
that required to stop the same projectile at 10 kilometers per second (see Fig-
ure 47).

The thickness of backup for various shield thicknesses to prevent perforation
was determined. These thicknesses are given below in Table VIII.

Table VIII
SHIELD THICKNESS DATA

ts ts“LtB Velocity

a T d (km/sec)

0.20 >1.00 1.90
<1.20

0.20 >1.20 2.48
<1.40

0.32 >1.12 2.60
<1.32

0.50 - >1.01 2.12
<1.30

All but the first set are for the low-velocity maximum penetration. Although the
values are not determined very accurately, there appears to be a trend toward

lower values for thicker shields.

It is important to note that fracture thicknesses for blast-loading failure scale
with projectile mass while the low-velocity results should scale directly with
projectile diameter. Also, the low-velocity results are expected to be indepen-

dent of intersheet spacing.

OBLIQUE IMPACTS

It would be expected that most meteoroid impacts will not occur normal to the
surface of a structure. Consideration of such oblique impacts is not possible with
a two-dimensional treatment such as CAMEO because the impact is not axisym-

metric. Kreyenhagen, et al,(14) have used a two dimensional analog of an oblique
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impact which demonstrates some features of the process. In their computations
an infinite-length aluminum cylinder strikes a thin aluminum plate at 6.1 kilom-
eters per second at an angle of 80-1/2o from the normal to the plate. The maxi-
mum pressure generated is about 330 kilobars, whereas a normal impact would
result in a maximum pressure of about 800 kilobars. The projectile material
does not pass through the sheet and the debris to the rear of the sheet is all
shield material, leaving the sheet normally at low velocity. For this impact
there would be no "in line'" damage to the second sheet, i.e., there would be no
damage to the second sheet along an extension of the original flight path. Impacts
at smaller angles of obliquity will allow projectile debris to pass through the
shield and this material can cause "in line' damage.

A cadmium-~cadmium impact at an angle of 30° from the normal to the shield is
shown a few microseconds after impact in Figure 72. For the impact conditions
here there certainly will be "in line' damage. Note that the debris here is con-
centrated in the front of the debris as opposed to the case of the normal impact
shown in Figure 1, where the debris is spread through the length of the bubble
of debris. This concentration of the debris would be expected to deliver a more
intense pressure pulse of shorter duration in the second sheet for the oblique
impact, and would be more likely to cause rear surface spall from the second

sheet.

Initially experiments were performed with aluminum-aluminum impacts at angles
of obliquity of 300, 450, and 60o measured from the normal to the surface of the
shield. These experiments, at impact velocities in excess of 7 kilometers per
second, showed that the major source of damage was fragment impact to the sec- .
ond sheet. For normal impacts against these structures fragment damage is very
minor due to the melting of the debris. The lesser degree of fragmentation is
expected because of lower peak pressures associated with oblique impacts.
Examination of the second sheets from these experiments, shown in Figure 73,
reveals that the amount of fragmentation of the debris decreases as the angle of
obliquity is increased (as evidenced by the crater sizes). Note that the second
sheet of the target struck at 45° shows the greatest damage. This would seem to
be due to the increase in lateral dispersion as the angle is increased, eventually

offsetting the decrease in debris fragmentation. .
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Figure 73 Backup Targets Showing Effects of Oblique Impact



Further tests were performed in excess of 7 kilometers per second to determine

what the second sheet requirements were to prevent failure. A summary of these

experiments is presented in Table IX. In all cases of failure the cause was frag-

ment impact. This observation from examination of the targets was supported by

flash X~rays of the debris. The term 'safe" in Table IX means that the second

sheet was intact.(leak proof) and no material was detached from the rear surface.
Table IX

OBLIQUE IMPACTS SECOND SHEET DAMAGE
3.18 mm Al Spheres -- 5.08 cm Spacing

Shield Thickness (mm) 1100-0 Al
Angle of
Obliquity 0.64 1.02 1.60
30 Rear Spall Safe Safe
45 Perforation Perforation Perforation
60 Rear Spall Perforation Perforation
1.60 mm 7075-T6 Al Second Sheets, 7.26 to 7.59 km/sec
30 Rear Spall - -
45 Rear Spall Safe Safe
60 Safe Safe Safe
3.18 mm 7075-T6 Al Second Sheets, 7.50 to 7. 65 km/sec
30 Safe - -
45 Safe - -
60 - - - -
6.35 mm 7075-T6 Al 7Second Sheets, 7.60 to 7.65 km/sec

Comparison of the total structure (tS + tb/d) required to prevent failure from
high-velocity oblique impacts with the structures required to prevent failure

from low-velocity normal irhpacts show that, for the aluminum-aluminum im-
pacts, the values all fall in the same range (1.0 > t, + tb/d > 1.5). It is expected
that, as debris heating increases with increasing impact velocity, less fragment
damage will be found. This expectation is supported by the results of the cadmium-

cadmium impacts partially described in Table X.
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Table X
OBLIQUE IMPACTS SECOND SHEET DAMAGE
3.18 mm Cd Spheres. — 5.08 cm Spacing

Angle of Shield Thickness (mm) Cd
Obliquity 0.48 - 1.22
30 Rear Spall Safe

45 Rear Spall Safe

60 Safe Safe
3.18 mm 7075-T6 Al Second Sheets
6.13 to 6.43 km/sec

Because of the low melting temperature of the cadmium these represent "higher
velocity'" impacts than the aluminum, When the thickness of the rear sheet for
the 0.48-millimeter shields was increased to 6. 35 millimeters the structure
was "safe. ' Even though the cadmium projectiles are approximately three times
the mass of the aluminum projectiles, the damage was due to second-sheet rear
surface spall and not fragment impact. Also, the second sheets required to re-
sist the cadmium impacts was no more than for the aluminum impacts.

From these results it is concluded that if a two-sheet structure can resist a
low~velocity impact it can resist the fragment damage due to an oblique impact.

With the exception of one test, no cases of blast-loading failure were found in

the tests. The one exception was a very thin backup sheet with the impact at 30°.

Even in this case the second sheet was periorated in several places (see Figure

74). Momentum transfer experiments were performed with aluminum-aluminum

impacts as described previously. The results of these are shown'in Table XI.
Table XI

3.18 mm Al SPHERES IMPACTING AT 7.6 km/sec, 5.08 cm SPACING, MAX-
IMUM MEASURED MOMENTUM INTENSITY

Angle of Impact
t./d 0° 30° 45° 60°
0.2 10, 000 - 3,000 700
0.5 2,100 1,000 1,000 1000 gm cm/sec cm?
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The maximum momentum intensity measured for the oblique impacts is less in
both cases than for comparable normal impaéts. This is expected, as the debris
must travel a greater distance from the shield to the second sheet as the angle is
increased. Also, as the angle is increased the amount of projectile debris which
passes through the shield decreases. From the momentum intensity measure-
ments it may be concluded that the debris which strikes the second sheet is
widely dispersed in spray angle. The gross-deformation tensile failure mode is

more strongly influenced by momentum intensity than total momentum, Therefore,

it is concluded that any structure which can resist the gross-deformation tensile
failure for a normal impact will not fail through this mechanism for an oblique

impact,

NON-OPTIMUM SHIELDS

Both Maiden and McMillan(G) and Sandorff(7)

timum shield. This was defined as a shield that produced a debris cloud in a

designated what was termed an op-

particular form. The combination of the hydrodynamic CAMEO calculations
coupled with the gross-deformation failure analysis and the spall calculations
show that an optimum shield is rather hard to define, On the basis of the analysis
and the experiments it is easily seen that if the shield is too thin a severe weight
penalty is imposed. However, there is a very wide range of minimum-weight
structures available (see Figure 49) where the weight can be split between the
shield and backup. Because of the rapid increase in backup thickness required
to prevent fracture when the tS/ d ratio becomes small, and the severe slope of
the strain versus thickness for large strains, it seems advisable to keep the
ts/d ratio as large as possible and to design the backup thickness to accept low
maximum strain. As was seen previously, the overriding factor in determining
the spall or gross-deformation failure is the intersheet spacing and the fact that

the failure thicknesses are proportional to the reciprocal of the spacing squared.
It is very likely that meteoroid impacts will occur for which the shield thickness

is much greater than that shown in Figure 49, i.e., tS/d is greater than one.
Impacts of this type will result in debris clouds with fragments.
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The greater-than-optimum shield situation was experimentally investigated
using 3.2mm aluminum projectiles, 5.08cm spacing, a velocity of 7.5 km/sec,
and various-thickness shields and backups of 7075-T6 aluminum. The damage
inflicted upon 1. 6mm-thick backup targets in these tests is shown in Figures 75
and 76. The results of all the tests can be conveniently summarized in the solid-
line construction of Figure 77. Straight lines have been drawn between known
points A, B, and C, where t A (thickness at point A) corresponds to the thickness
of the rear sheet necessary to prevent spall detachment with no shield; tB- (thick-
ness at point B) is the total thickness of the structure to give 4% maximum strain
ol t A is the
thickness of shield necessary to prevent spall detachment and thus require no

(from Figure 35) at optimum shield thickness of t S/d =0,15;and t

backup sheet, The experimental results indicate that, for design purposes, if
the structure is designed above ABC then no perforation of the rear sheet will
occur. Note that, at a given velocity, thickness t A= tC scales approximately as
particle diameter d , whereas tB scales ad d3.

TWO-SHEET SCALING

The results of the analysis and experiments indicate that shield thicknesses

scale with projectile diameter and backup thicknesses scale with projectile mass
or diameter cubed. The total structure would then scale as between the diameter
to the first and third power, It is generally agreed that the failure thickness of

a single-sheet structure is proportional to the projectile diameter.(s’ 9,10) These
two statements would indicate that if the projectile mass were very large a single-
sheet structure would be better than a two-sheet structure. However the two-
sheet results are qualified as applying only to structures in which the spacing is
greater than eight projectile diameters. With this restriction two sheets are
better than one. For spacings less than this the projectile-shield debris is still
quite dense and.results, upon impact on the second sheet, in cratering of the
second sheet. The analysis utilized herein does not apply to this case, but it is
reasoned that a two-sheet structure is always better than one because any high-
velocity impact upon a shield results in the spread of the projectile-shield debris,
the loss of energy and, at most, a slight increase in the total momentum. The
impact of the second sheet is then less severe than if there were no shield be-

cause the energy per unit area and momentum per unit area are less.
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This same reasoning also applies to velocity scaling; thus it is concluded that
two sheets are always better than one.

EVALUATION OF TWO-SHEET STRUCTURES

The impact resistance of two sheet structures can be evaluated utilizing the in-
formation given previously. The basic two-sheet structure must be evaluated to
cover the probable impact conditions. Evaluations of three structures have been

performed and are presented as examples of the method.

The three structures are the Apollo Service Module Block 1 and 2 and the Lunar
Excursion Module. The Service Module structure consists of two thin aluminum
sheets 0.405 millimeter thick spaced 2. 54 centimeters apart. The Block 1 struc-
ture has a honeycomb between the two sheets with a cell size of 6. 35 millimeters
and a wall thickness of 0.0254 millimeter. The Block 2 structure has a honey-
comb with a 4, 75-millimeter cell size and a wall thickness of 0.0178 millimeter.
The Lunar Excursion Module structure consists of a 0. 102-millimeter aluminum
sheet spaced 5.08 centimeters from a 0. 635-millimeter aluminum second sheet.

All three structures were assumed to consist of 7075-T6 aluminum.

The structures are evaluated on the basis of their vulnerability to solid aluminum
impacts. This is conservative, as an underdense material would cause less dam-
age. By using Equation (6) the critical masses can be determined for impacts at
30 kilometers per second. These masses are 2,64 x 10_3 grams for the Service
Module (the honeycomb has initially been ignored) and 2.1 x 10-3 grams for the
Lunar Excursion Module.

Next the critical masses are determined for the honeycomb.by scaling the uniform
plate gross-deformation results given in Figures 34 and 35. The critical mass

for the Block 1 Service Module structure is 1,78 x 10-4 grams, and is 10_4 grams
for the Block 2 structure.

Finally the low-velocity impact critical masses are determined from the results

given in Table VIH. Here the honeycomb can be ignored, as the particle does

not break up upon impact. The critical masses are 3.4 x 10"4 grams for the
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Service Module structure and 2,54 x 10"4 grams for the Lunar Excursion

Module structure.

These critical masses can then be employed to determine fluxes and probabilities
of no failure from the NASA environment.(z) For a probability of no failure of
0.99 the Service Module Block 1 st_ructuré has an area-time of exposure of
91,500 feetz-days ignoring the honeycomb, 2,510 feet2 -days for all impacts
normal and in the center of the honeycomb cell, and 5,900 feet2 ~-days for the

low velocity impact, For the Block 2 structure the area-times are the same as

for the Block 1 structure except for the honeycomb, which is 1, 160 feetz-days.

For the Lunar Excursion Module structure the area-times are 66,200 feetz-days
for normal impacts at 30 kilometers per second and 2,050 feetz—days for low-
velocity impacts. The low-velocity evaluation also provides for oblique impact

fragment damage.

The exposure times given should be taken as lower bounds as all considerations
have been conservative. The honeycomb analysis considers only the worst case,
low-velocity (2.5 kilometers per second) impacts seem unlikely, and oblique
impact fragment damage is not expected to be a problem for high-velocity im-
pacts. The true exposure times would therefore be expected to tend toward the

higher values.
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CONCLUSIONS

The results of this combined theoretical-experimental investigation of thin-sheet

impact can be summarized as follows:

1.

High-velocity meteoroid impacts normal to the surface of two-sheet
structures will cause failure of the entire structure, primarily through

gross-deformation tensile failure of the second sheet.

For reasonably large intersheet spacings, spall of the rear surface of
the second sheet is not expected because of the low density of the debris
that strikes it.

On an equal-weight basis, two sheets provide more protection than n
sheets for the same total spacing.

Honeycomb structure between the sheets of a two-sheet structure can
cause channeling of the projectile-shield debris, and in no case is a
honeycomb expected to increase the impact resistance of a two-sheet

structure.

Impacts of underdense projectiles are expected to be less severe to
two-sheet structures than normal-density projectiles because of

greater dispersion of the projectile-shield debris.

Oblique impacts will produce fragment damage no worse than the worst
low-velocity impact. A structure that will resist gross-deformation
tensile failure from a normal impact will not suffer gross~deformation

tensile failure from the same impact at an angle of obliquity.
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11.
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APPENDIX A
COMPUTER CODES USED FOR PREDICTING
LARGE PLASTIC DEFORMATIONS OF STRUCTURES

(

of various structural elements to blast or impulsive loadings. Symonds,(s) for

In recent years, many investigators 1—4) have attempted to determine responses

example, has developed a ''rigid-plastic' theory of deformation in which it is
assumed that no elastic deformation takes place, so that all the energy imparted
to the system is channeled into plastic deformation of the structure. This type
of analysis has two major disadvantages:

1) The energy input to the system must be much greater than the
elastic strain-energy that can be stored by the structure.
2) Only permanent deformations are obtained; i. e., no time-

history of the response can be found.

The most recent technique which is not subject to these limitations was developed
by Witmer, et al,(G) at the M.1, T. Aeroelastic and Structures Research Labora~-
tory. This technique as applied to beams and plates is described briefly.

THEORY

The dynamic equilibrium equations for the structural element shown in Figure A-1

can be written

3 3 . .
35 (N cos®) ~35 (Q sing) + Fy -mV =0

3 3 .
-B—S—(Nsm6)+F(Q cos )+ Fz-mw—O (A-1)

M _
35 ~Q=0

A-1



Appendix A

where m = mass per unit length of structure
8 = slope of structural element

N,Q, M = normal force, shear force, and bending moment
at a given cross section

¥, W = accelerations in the horizontal and vertical directions

F_, Fz = forces per unit area in the horizontal and vertical
directions

In the derivation of Eqs. (A-1), the effects of shear deformation and rotatory
inertia have been neglected. In the case of impulsive loading, Fy and FZ
are zero, and the beam is considered to have an initial velocity. Similar

equations are written for the plate.

Equation (A-1) may be phrased in finite difference form and interpreted as
describing a lumped-parameter model consisting of masses connected by
weightless, straight links. (These equations, as well as a complete description

of the model, can be found in Reference 6.)

The beam is of rectangular cross section, and the cross-sectional area is
distributed among six ''flanges, "' as shown in Figure A-2., The mass is distributed
among 62 mass points. The plate similarly has 41 mass points (see Figure A-3)

and is six "flanges' thick.

Equations (A-1) and the corresponding strain-displacement equations for both the
plate and beam have been programed for an IBM 7044 digital computer using
Fortran IV langua.ge.(7’ 8) The program describes the motion of the structure

and the resulting strains in the six flanges as a function of time. This allows
determination of the amount of strain, their location, and the time of occurence.
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Figure A-1 Coordinate System and Internal Forces
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APPENDIX B

TWO-DIMENS IONAL LAGRANGIAN CODE FOR
ELASTIC-PLASTIC MED1A

INTRODUCTION

The problem set up here is the solution, by finite difference methods, of wave
propagation in compressible media in two space dimensions, of either rectangu-
lar or cylindrical geometry. Lagrangian grid representation is used. For this
system the motion of the medium is described with reference to a mesh attached
to the material. This results in a limitation of the method; serious difficulties

arise when physical situations invoive severe distortions of the original mesh.

The program, as described here, can be used with either a fluid or elastic
perfectly plastic solid. Either the Mie-Gruneisen or the Tillotson(l) equation
of state can be used for describing the hydrodynamic component of the stress.
Other equations of state may be incorporated, as well as equations of state to

describe the behavior of other media such as, for example, explosives.

Several two-dimensional time~dependent Lagrangian codes have been developed:
TENSR,(Z) HEMP, @) PIPE, (4) RAVE I, (5) etc. The method used here follows
that formulated earlier by Wilkins (HEMP)®) and Herrmann (RAVE 1).(8) The

equations and the finite difference deviations are given in the following pages.
EQUATIONS OF MOTION
The governing equations of motion in their Lagrangian form are as follows:

(1) Conservation of Mass.
prpe™+e¥ e =0

where p is the medium density, e the strain, ‘and the dot indicates a time
derivative. With the present nomenclature, x , y , z can either be rectangular.
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coordinates or a cylindrical coordinate system . The cylindr_ical coordinate
system is used for the axial symmetric problem, in which case x denotes the

radial coordinate and z the axial coordinate.

The strain rates are defined as follows:

< i j
é11=1/2 _8_11_ +EJ’—i
ax  ox

where u' indicates particle velocity in direction i, e.g.

v = ax/at
and
> 0 au*
)4 oZ
aut _ 0 (0-1) u* 0
ox X
[2u” o su”
ox fo).4
L p—

Here « is a coefficient which takes on a value of unity for motion in the x-z

plane and 2 for axial symmetric motion.

(ii) Conservation of Momentum

K AT ( T el 2
P2 T 3% 3z x x
Xz ZZ XZ
z2 _ P et t
P s o )

i, Sl < ij
where a is the acceleration in direction i, and b 1 are the stress components.
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(iii) Conservation of Energy

-1/3 ¢ + tYY 4 t2%)
. . . .ZZ . .
o &= 2dtrr de rr 2dtrz derz + 2dtzz de . dtrr de ZZ N dtzz de rr

dyi _ i, g
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o =

r—————
[o=] -
h b
[} [e]
H s
- -

1} li
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so that

dxx  dyy  dzz _

Ao, dvy , dgzz
Since during a given time step an element of the body rotates, it is necessary
to correct the stress so as to refer to the fixed coordinate system. The objec-

tive stress rates are defined by

XX _ 3 XX XZ
b i 2w t

* X7 XZ
| S v owgy (£ -t

Xz

ZZ)

22 _ 2%
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whei'e
. X A
du au
Wz 1/2<az "ax>

The above equations together with an equation of state are the required equations
for solution of wave propagation problems. Three different equations of state
are considered in the text for fluid and elastic plastic media.-

For given initial and boundary conditions specific problems can be solved
wifhin the limit of the Lagrangian code described.
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9%0 D 3035 765 89 53 57 875 | 1.31
992 3. oo 3.15 4.3 84 79 .22
993 0.¢35 3 87 2.32 3.8 7% 72 .29 _
MEE:EL] PYEEX 3.63 .14 58 89 82.5
995 | 6. 58 1.02 6.4 97 875 1.36
996 Zol!] .oz 1.27 &.49% 2.26 8.4 25 275 .30
997 Ali 0.635 | 5.08 3. 7¢ .81 5.6 76 74
998 Cdl cd o.330 2.7 2.99 — 4.6 29 g8.5 SHEAR DISK_HIT
993 .34 .49 56 99 88.5
/000 —_ — — — —— NO  /MPACT
Jo 12 lloo-o 412 x4.14 [ nhoc-0 Jo. 635 4,97 2 8BS 76 IE) 90.5
AL CYUNDER AL
7013 7.22 3.3% 8.7 709 _92.3 T.37
Joid S47 2. 09 7.9 709 S0.5
/0/8 Cd 3.18 [ ¢.330 — — — — p—— Ne M PACT
70/9 EAA KA 3.3 E] 82,5 .34
/o020 _ — — — — No_/MPACT
ro02/ bl - - h— in— NO 1MPACT
/e22 — i — — — No_/MPACT

o xipuaddy



TOTAL HOLE SPRAY :
SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP | THICKNESS | VELOCITY | SPRAY ] SE AR
NQL MATERIAL (mm) MATERIAL | (mm) (cm) MATERIAL |  (mm) (kmfsec) |PENETRATIO! SIZE DIAMETER | ncie Mvimy RELARKS
(mm) {mm) {mm})
I075-T6 BACKUF
| - 1872 C 3. 18 e<% 122 508 RE /.02 .95 BENT X ] S8 88
EST 1M
1873 . 0. 6d 2,04 .90 .70 X 8¢
T
1874 ] 178 7.0/ 7,80 B8 82
1875 0.33 2.7 .89 0.48 5.43 fo 7%
187¢ ! 122 658 1.32 [T o¢. 87
1877 2.57 0.4 .83 0.48 ©.07 _jof 93
ESTIHARD
1878 6.90 ©.48 & .00 los 92
\ESTIMATED |BACKUP
1879, 1.27 6.50 aNT 5.95 94 26
1§80 0.8/ 6.8¢ 5.89 22 84
1881 3,18 1.22 b. 70 1.3 104 91
1882 0.33 .27 G.4a .64 5.3 o 7e
1883 1,22 7.0l 127 1.3 97 87 {.35
1864 0.48 7.0 048 675 78 75 .39
188 2.57 1.le 0.48 5.92 o5 [-13
= o.c4 &.74 ALK U P 592 95 A
sENT
1887 3.8 /.22 ¢.98 BACKUP 1.3 97 87
I FRACTUR:
(928§ { 12.7 ¢.89 L.Z2 1.4 {00 89 [.52
[ p.33 6.83 0.33 EX 8s 80 [ 42
T 2.57 .48 6. 89 0.48 §.07 95 86 (.39
1891 4.91 0.58 58 [X3 [ 1.31
BACKOP.
1892 o4e 6.50 | s.95 94 8¢
ACK0 P
! 2.2 0.38 £.89 BENT 6.04 190 [-13
(994 3,18 0.4 0.8( «77 7.3/ 2180 >82
1895 o.¢f Tot 795 > Lo >76
1896 5.08 .27 695 7.72 Q3 85
p97 Il o2 .89 7.59 _97 87
BACKUP
1898 .38 &77 ERALTY 7.50 94 8¢

9 xjpuaddy



=0

TOTAL HOLE SPRAY

nr (e | e | e Joces | mae | o | mcges | e boewinod s | owerm | UL | e | e
D044 | Cd 318 Cd 6.635 5. 08 |707578] 12.7 548 0.66 7 97 87°

1045 & .40 69 7.6 29 82 .42

1046 3 18 .86 1.0 =X 83 L2t

1047 .35 .49 16 7.6 EX] 87

tod8 4.0 762 3.44 .81 7.9 27 103

1049 3.18 . 635 6.46 714 — 24 g6 PisToN HIT
1050 Ti 2.62 lloo-o0 | .02 — — —— p— p— NO (MPACT
1651 | Cuw Z.08 417 F. 30 5.1 26 81

ios52 | T 2.62 3.49 232 £ 7G 14

1053 I ] 7.25 Z.03 — 89 23 PISTON HIT
1054 c;l;. Z.Ls 7.10 2.06 6.4 83 19

G55 Al 3.05 A .04 24 935 86

1056 I 3.62 [T 7.1 66 [43
c-722 3.|I8 .35 7.23 .71 4.8 95 - 86

723 | 4.75 1.41 . 89 48 — ——

725 |.o|2 . 813 7.02 — — — — PISTON HIT
726 I 5.43 =] 7.9 — —
D-1114 [ NYLON 4.19 6.1‘55 2.92 1,14 19 53 56

[INE &. 10 1.7 9.7 Jo2 D0

e & 8o .27 to.9 /08 94

Wiy Al 3.18 &35 2.7 3.26 2.49 A 56 58

L1118 ENT] Z .90 A} A 58

119 J.29 .57 51 A 2

1120 338 2.16 ) A %2

tzl A \.73 .4 86 8l

TER 5.64 V.73 6.4 84 79

123 5.6l 1.3 6.4 85 20

9 xjpuaddy



G&-d

SHOT | PROJECTIE | DIAMETER | SHIELD | THICKNESS | SPACING | BACKUP | THICKNESS | VELOCITY |  TOTAL HOLE SPRAY SPRAY
NQ, MATERIAL | (mm) MATERIAL | (mm) (cm) MATERIAL |  (mm) (km/see) | NETRATION  SIZE DIAMETR |\ yeip Mv/mv REMARKS
(mm) (mm) (mm}
D-1124 Al 3,08 \100-0 0.635 508 Jo15-T6 | 12.7 578 0.8 — 81 J7° PISToN WLT
1125 7.50 .89 6.6 76 74
Ueé — — — — — No_THMPACT
1127 7.32 l.o2 —_— _89 83 PisToN HIUT
1128 7.29 .74 6.6 B3 83

9 xipuaddy
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TOTAL HOLE SPRAY
SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP THICKNESS | VELOCITY |0 oo SIZE DIAMETER SPRAY MV/mv RENARKS
NQ, MATERIAL (mm) MATERIAL (mm) (cm) MATERIAL (mm) (km/sec) ANGLE
(mm) {mm) (mm)
7075 -T6
D- 1153 Cd_ 2.56 cd 0.635 5. 08 Al 1.0 3,84 O.7 G.] \02 S0
1154 >.18 330 2.7 3.69 69 4.8 89 82
j155 635 5.2 .89 52 89 82
1156 330 3.87 .74 4.8 16 74
floo -0
1157 Al Al .02 6.35 &.89 .19 8.1 102 90 1.34
1222 cd Ccd .330 3.55 L. o4 4.85 86 81
] 1
1223 | | 638 512 Y 1.22 89 82
iloo-o [
224 PYREX Al [ G .35 4.9z o5 5.68 89 gz t.23
I
1225 Al | 1.02 2,54 12.7 5.88 .65 7.87 43 81 \. 42
I
1226 | Cd 330 .27 6.10 1.09 5.89 36 109 1.40
1227 Ccd 5. o8 — — fr— E— — No LAUNGCH
I
\Z28 [ —_— — — — — NOo L AUNCH
{1oo ~0 4.12x 4.4 [1too-0
1229 Al CYLINDER Al ¢35 5.61 2.13 1.917 169 94 1.28
1230 Ccd 3.18 cd 230 3.60 66 4.2 99 g9 1.2 6
iloo-0
1231 Al .59 Al . 305 4.36 1 .04 2.5 Gl 2
1232 3.18 [ANTA .43 3.2 Si 24 PISToN HIT
233 L \352 4.69 V.02 2.5 [ 62
I
1234 I ©.59 89 — 24 75 PISToN _ WAT
1235 . 305 L.50 .46 3.0 29 89 1,18
1236 3.8 . 635 2.7 L. bl 1. 19 .50 29 89 1.25
1237 7.0 \ 14 6.3 98 &7 SABOT HIT
1238 T.19 97 6.60 99 89
{239 .19 .14 6.65 28 a7 .32
1240 — —_— —_— — — NO _LAUNCH
(24l 7.38 \.25 . &3 94 Al SABOT WIT
;
1242 ! 71.26 .89 6.3 94 86 PISTON HIT

9 Xipuaddy



L-D

SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP | THICKNESS | VELOCITY TOTAL HOLE SPRAY SPRAY
S
NQ, MATERIAL (mm) MATERIAL |  (mm) (em) MATERIAL (mm) (kmfsc) [PRETRATIO SIZE DIAMETRR | o MV/my REMARK
(mm) (mm) (mm)
{loo-o 7018 -T%
D- 1307 Al 1.59 Al 0.8l S5.08 Al 0.40 — — — — — No LAUNCH
1 [ I
{308 | i — — — — — No LAUNCH
|
1314 3.\ 9.52 { -.35 7.59 3,52 4.5 f— —_— .27
1
1315 3.8 — — — —— P Neo LAUNCH
1316 12.7 6.88 /.0 ‘6. — P
1317 318 7.47 .27 /4.3 — —_ PisToN HIT
1318 [Tulyte 6.35 L.02 12.7 7.26 3.02 /1.2 4o /68 PisToN H)T
— -
1319 Al 3.18 S.52 1.59 7.38 EXr 74.4 Ju— [—
T
1320 3.18 | 7.41 + /9.5 e3 =i P(aToM HIT
13521 6.35 6.35 7.50 (.40 /5.9 7& 74 PiaTun  HIT
1
1523 1 1,59 7.47 + /5.8 A 74 _ PisTou HIT
324 €4 cd 0.635 2.7 5.38 0.¢375 7.35 7¢ 74 141
1325 5.70 0. 630 7.37 76 74
1326 5.70 5. 762 7.67 76 74 PisTol RIT
1327 576 ©. &30 76 74 1.38
1076 ~Té
1326 Al Al 3.18 | .59 7.50 + 1.7 76 74 PisTor HIT
1329 6.35 7.38 + /0.3 — Jh—
1330 2.7 7.44 7.02 /1.7 — —
133) 2.52 7.50 3. 52 7.37 — —
1332 2.7 7.47 ¢.83 14,2 — —
lise-o
1333 Al 0.635 .21 12.7 7.47 2.7z $.78 32 /02
1334 2.54 7.47 /.35 54 90 PisTo N WIT
]
1335 I 7.32 Xz S 6.78 76 74 Pi3ToM Hir
1330 . 1.27 7.29 2.1 ¢. 7 2o £3
50%
1337 TFroAm N 2.62 {02 5.08 6.35 3.48 3, /8 4.93 [x] o4
1338 Al 3.i8 o .35 9 52 7.53 (.15 G . 48 / o2 S99
50%
1344 [Foam cu] 2. 62 .02 12.7 3.29 ©0.238 4.79 57 53 1.4¢
-+ BACKUP BENT

7 xipuaddy
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TOTAL HOLE SPRAY
SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP THICKNESS | VELOCITY SPRAY
PENETRATIO! SIZE DLAMETER MV/mv RENARKS
N MATERIAL ANGLE
0, ERLA| (mm) MATERIAL (mm) {cm) MATERLIAL (mm) (km/sec) my (mm) (mm)
so7Z |iop =0 7075 -T6
D-1245 JFoAM Cw | Z.62 Al |. 02 5.08 Al 2.7 5.15 z .34 5. 82 76 74° .28
So07e
1546 [ Eeart N 5.03 2.49 5.94 7e 74 /.35
!
1347 i 6. 70 z 18 — — [ PisTon M1T
1348 Ca 2.08 7.10 2.0l .58 [ PisTON HIT

1 xjpuaddy



6-0

SHOT | PROJECTRE | DIAMETER | SHIELD | THICKNESs | SPACING | BaCKuUP | THicKnEss | vewocrry | TOTAL HOLE SPRAY SPRAY . »
NQ, MATERIAL | (mm) MATERIAL | (mm) (em) MATERIAL | (mm) (kmfsec) [PENETRATION] - SIZE DIAMETER |, ycie Mv/my RE:IARKS
{mmy {mm) (ram)
lico ~ o To75-T6
| D-1249 | NYLoN 4.19 Al Loz 5 o8 Al 2.1 & 31 /.32 .38 28 87° [ 55
1350 A 3.8 2 74 7.38 /.43 8.64 EX) 70
1351 1.27 2.47 2.¢7 %.34 20 77 1.33
1352 0.L35 T.07 2.54 L.bo 12 72 /.35
7075 -Te
1353 Af 14.6 7.56 6.53 /1.7
1366 15.7 7.53 ©.45 13.7
13¢7 6.35 5. 08 3. 18 — | — — — — No_LAuncH
T |
1308 | 7.65 & 78 /0.8
{ico-o
1369 Cuw 2 .08 Al Loz 1z.7 — — — —— — No LAVNeH
i T
1371 NYLoM 4.19 | 7.3 /.30 9. b5 114 96 /.51
|
1384 A\ 3.18 i .35 0. 35 7.77 — —— — — PISTON HIT
1385 R Y 2.7 — — e — e No LAUNCH
]
1386 . 635 1 7.43 — — e —_— PisTon HiT
1387 0.0635 P— e e — —_— —_— Ao LAUNCH
1388 2. — — — — e No cAUMNeH
1389 : 5./8 2.77 <.2s loz 90 (.33
l llogp-©
1390 T Al 7.¢8 /.12 £.79 702 90 PisToN HIT
i 7075 -Té
1381 _|iNLYTE 4, 90 Al 6.35 4.9 /.12 7.32 e 95 /.20
1392 7.82 {.70 7.80 — — PisToN HiT
7
1393 305 4.68 0.74 ¢.o4 89 82 /.28
1394 635 7.9/ /. 6o 7.90 142 109 /24
1395 Sof — — — — e No LAUNCH
100 ~ 0
1306 A 3.1 t3s Al 2.7 7.56 /.30 4.7 1r4 96 .24
1075 -Te
1397 .59 A 7.62 Z2./3 /9.9 89 82 /.50
I
1398 5.2] 2.34 2,37 2 70 K1
1359 NLYTE 4.9 305 6.35 7.8¢ f— [— — — PISTON _HIT
\ 400 Al 3.18 ¢35 0,635 7.43 PERFOR AT 10N 6.7/ /02 =R

9 xipuaddy



OT-0

TOTAL

HOLE

SPRAY

SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP THICKNESS | VELOCITY SPRAY
MARKS
NO, MATERIAL (mm) MATERIAL | (mm) (cm) MATERIAL (mm) (kmfsec) |ENETRATION  sIZE DIAMETER 1 s nGLE Mv/mv REMARK
(mm) {mm) (mm)
/706-0 7075-Té&

D-[401 Al 3.18 Al 0.635 5.08 Al 2.7 7.32 — — — — SasoT /T
140z [— p— [— — Ao LAUNCH
1403 [ — — — No LAUNCH

0.03/2_GEAM [cm
1404 7.5¢ /.30 6.78 99 g8 STHROESAM BACK oF Suiecd
1405 [. 59 0.404 7.78 — — — P PISTON HIT
!
1406 i — — — —— —— No LAUNGH
{407 ¢d 3.18 Ld 12.7 — — — — —_— No (AuNEy
1408 — — — — — No L.AUNEH
{409 — —_— — —_ — No LLAUNCH
1410 5. 00 e — —_— — ND IMPACT

14198

No LASNCH

9 xipuaddy




TT-D

I | ] | TOTAL HOLE SPRAY
' SHOT | PROJECTILE | DIAMETER | SHIELD | THICKNESS | SPACING BACKUP | THICKNESS | VELOCITY SPRAY ARKS
i Na \) MATERIAL (mm) MATERIAL |  (mm) (em) MATERIAL (mm) (km/sec) [TENETRATION]  SIZE DIAMETER |, nGip Mv/mv REM
H b {mm) (mm) (mm)
; Zo i {loo-s 7075 -T¢ FIRsT 2 - 0.635 M BALKOES
2-1449 | AL 1 5.8 Al 0.t3is 508 Al o L35 7.9 {suser % 81 Joz So SPAMED Soacw |
)| L L seloud 3 - 0.407 wtw BACKUTS
1450 | 1 I ©.407 7 90 |snear .93 702 =y SPACED _S.e8 ewm
1452 [on! [& ©.3%0 12.7 — — — — — No wavwucH
[
1453 1 L 5.18 s08 541 /02 90 1.28
1454 o0.35 G 46 635 7.92 /02 9o 1.39
14ss .53 . 6385 FACE] /o2 So
V4506 2.56 15.2 \.59 4.2 . 638 & 32 254 go
14587 3,18 5.08 12,7 .53 L35 7.59 /02 Do
2024-T3 [3.18x9.53 |2024-73 Zo24-T3
‘458 A Red Al 1.59 0.2 Y 25.4 4.63 G.84 7.5 178 Bz 1.A3
249X H 9
1459 R} 474 8.74 — /84 24
4.55x4.55
1460 ob 4.94 1.53 To0.2 723 27 132
1461 5. 23 4.9] .45 /0.3 /8% 84 .37
e lbix2.2]
1{c2 Digc 4,79 Z.18 12.5 /172 &/ 1.25
2047 \loo-o Joas5-T¢
1463 Al 3, AL o.L3y 5.08 ©.635 7.59 — — — — SABDT HIT
1464 — — — — — No  LAuHCH
|4eS — — — — — No Launed
1466 /. 02 7.7% — — —_— — PISTON HIT
1467 P— — — — —— No LAUNCH
SPAGING FILLED WITH
14,8 0.635 1.56 * b.76 -— — 0.03 5RAK [oH® STYRFea i
2024-T3 I8.63x 7,27 l2o24-T3 2024-T3
1473 ] AL [5) A 1.59 10.2 AL 204 3.87 4.25 7.90 152 74
147 5 4o 503 8,19 Ll B 1.43
1475 z.93 3.18 7.27 133 z7 .20
147 ../o 4 55 2. 48 /8% 24 1.39
2. (1211
1477 "&=3'2 4. 45 11.2 S8 /52 74

X SHIELY) AND BACKUP BENT

9 xipuaddy
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TOTAL HOLE SPRAY
|| Ve | s, | e | s | o | miconss | o gy e | o | | i | s
2o i1oo~o Fo75-T 6
E 1 Al 3.18 Al Q.308 508 A & .35 {.15” 1.42 3.33
z 635 .09 L7 3.6/
3 l.o2 l.lo 107 4.04
4 1.59 .10 .59 4.37
s 308 o.712 0.46 3.30
2 1] 2.7 [,89 .83 3.74
o 35 % .94 1.73 4.5
1 ].02 (.35 1.87 .85 4.95
12 1,59 .92 Z2.26 5.82
13 35 2.7 2.L8 2.64 414
14 b3s { Z.07 1,83 4,63
15 .oz ¢ .35 2.72 2.06 (. o5
16 1.59 J| 2,75 2.16 L. 96
39 L35 2.54 2.56 3.8 _4.88 PERFeRATSY
4o 3. 18 2.46 3.81 4.8 PER FORATED
4t 3.81 2 .40 3.58 4 .68
42 4.45 2.52 2.92 q491
43 .02 .90 2 .43 2.92. 5.9 PERFORATED
44 2.54 2 .65 3.56 5,89 PER Fok ATED
45 3.18 2.59 2,62 5,87
46 3.8 2.47 2.87 5.79
47 {9 ©.81 2,08 2.4/ b.o2 PECFOLATED
48 1.5 2,14 3.20 .. o8 PER Fo€ ATED
49 2.54 2.12 2.36 &. 05
Sa 3,18 2.14 .78 G o5
5 | 635 2,54 1.9 3./8 4.50 PERCORMNTED
s2 3.18 .90 3.20 4.44

9 xipuaddy
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TOTAL HOLE SPRAY
SHOT PROJECTILE | DIAMETER SHIELD | THICKNESS | SPACING BACKUP THICKNESS | VELOCITY SPRAY
j KS
NO, MATERIAL (mm) MATERIAL (mm) (em) MATERIAL (mm (hmfsec) PENETRATIO SIZE DIAMETER ANGLE Mv/mv REMAR
(mm) (mm) {mm)
2o iloo-o To75-T6
£E-~-53 A} 3.8 Al 0.L35 5,08 Al 3.81 .90 2. 44 4.50
| I [ I [

4 1 1 1 [ )| 1 4. .45 1.90 2.16 — SAROT _ HIT

9 xipuaddy




HI-D

TOTAL HOLE SPRAY
SHOT DIAMETER SHIELD | THICKNESS | SPACING BACKUP THICKNESS | VELOCITY SPRAY .
No, {mm) MATERIAL | (mm) (em) MATERIAL | (mm) (xm/sec) |PENETRATION SIZE DIAMETER 1 \NGLE Mvimy
(mm} {mm) (mm)
lioo -0 7075-T6 Bak P 2.99cm STYROEOAM
D-1537 3.18 Al 4 508 A \.o2 7.47 BENT 6. 60 — — AGAINAT _BAEKUFP
2.99 cun STYRoFoh M
1539 747 b, 68 30 £ AcAINST _SHIELD
2.54 cwt STYRZoFoAM
1340 7.59 6.78 /3 Za CENTERED BETWEEN SHEE]
A5l 25¢ 12.1 7.50 \.45 G 65 43 — fo
1542 (.35 7.59 \.50 G.73 43 o
1543 3.18 7.5 .85 6.68 43 fo
1544 .27 2.7 7.44 2.72 G.71 33 (o5
I
|545 [ 6.35 7.44 3.2 671 24 37
15 4 0.2 o.64 7.4 114 6.t > 153 > 45
I
1547 | 1. 6o 7.50 HoLE .73 > 153 > 45
2 ALL PLATES
| 548 2.54 0. 64 7.44 Hoiéd 6. G5 — —— PEREoRATET
3 ALL PLATES
1550 1.62 0.41 7.44 Hoce 6.68 — [— PER FoRAT €Y
| SMALL
1552 0.2 o.41 1.41 Hotas %.70 > 153 >45
2.81 2 PISTON
1553 .27 . o.64 7. Hove HiT — —
o /.27 PisTon
is54 sT{RoFoam] .08 2.54 0.4 7.50 HoLE HIT — fo—
itago-o PAtkuUP
555 A L4 lo.2 0.64 7.497 BENT 6.78 — —
1556 2.54 /2.]7 7.32 .42 .73 4 24
1557 .27 I 7.35 2.59 .78 23 g4
S.oBew PTYRoFOAM
1558 5.08 0.64 4, o4 Vo LE 5.79 — — BETWEEN SHEETS
\559 2.54 6.35 5.55 2.1 .22 46 24
i5¢0 1.27 2.7 5.86 3.00 6.43 2o 76
1561 4.19 5.08 6,35 7.50 K] 7.95 102 So
3.8 2z
\562 3.18 1.27 0.64 7. 42 HoLE — — — PisToN BT
o) 127
1563 sTyRoFoar | 5.08 5.08 0.6 7.59 ~ 1.3 — 76 74
[loo-0
V564 Al o4 5.|o8 L35 5.43 2.03 &.17 43 46
S.0Bow STYCOFQAM
1566 I 1.27 4.33 1.35 S5.84 — — QETWEEN SHEETS
2 ALl PLATES
1567 (A 0.64 4.36 HoLE& .05 — — PERZ FaRATED

9 xipuaddy




¢1-o

SHOT | PROJECTRE | DIAMETER | SHIELD | THICKNEss | spacinG | sackue | rHickness | vewocrry [ TOTAL HOLE SPRAY SPRAY . Ceesn
NO MATERIAL (mm) MATERIAL | (mm) (cm) " MATERIAL (mm) (kmfsec) | ENETRATIO SLZE DIAMETER | nGLE MVimy RENAZYS
(mm) (mm) {mm)
loo-0 7075-T¢ 2 PlsToN AlLL _PLATES
P- 1568 A 3. Al 0.64 5. 06 Al 0.64 7.47 Hot & HiT — — FERFORATED
[ [ Ll PLATES
1570 JIN — 4.39 HoLE 5.84 — — PER FORATED
10.2 ¢ STYRAFOAM
1571 10.2 0.41 7.38 0.64 G668 — — BETWEG N _SHEETY
BACLKVD S.08 e STYIROFOA A
1572 5.0 35.64 7.44 BERT &.13 —— — BETWEEN GSHEETS
.08 c¢m STYRoFoAWM
1573 .27 4.4 X 5.84 — — BETWES SUEETY
1574 NY:LFN 419 0.64 5.06 UL € 7.5% Y] CX
1575 1 b.35 4.0 1.22 7.32 o2 EN
2
1574 cd 3.18 Cd 2.54 3.8 5 4o ~ 3.8 7.50 — —
3 B
1577 1.69 l.eo 585 |~ 28 7.50 — —
|78, 5.08 4,83 b.22 ~o.cf 1.85 58 53
BALKLP
1579 io0.2 1.27 6.22 BENT 767 > 153 =49
1sfo 122 508 2.7 3..9 1.9% 5,83 [1A 8o
-¥d 5.8 .22 10.7 ! [
592 &34 .22 [ 57 59
1593 2.50 0.64 1.60 AE] 0.64 _ 7.0 22 86
oo~ o.91
158 Al 3,13 | 7.26 2.i6 1.75 Y — 0%
7.32
1585 +7.53 Hol € 8.6 {o% — 45°
] - 7.32
1586 7.50 2.23 2.7 loS — 6o
2.79
1587 l.oz 7.59 1.98 2.30 loz — 30°
.94
1588 7.38 HoLe 1o.2 29 — 45°
.64
\589 7.50 HowE 1.9 jo2 — Lo*
- 10.9
1590 .60 74 UoLE] 1.3 95 — 30°
1591 0.4 7.47 oLE 10.9 | o2 — 30°
' 10.7
1602 1.60 7.29 HoL& .5 g9 — 45
| 2.7
TCE | 7.4/ HoLE 13.) Té — -
6.53
Tt ot cd cd ©.4p 318 &3 2.08 7 .65 GA — 3o°
1 I AL
76 os Il { 6./6 2.5 g .34 A — 45°

OBLIQUE AMNGLES

9 xipuaddy
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91-0

SHOT PROJECTILE | DIAMETER | SHIELD | THICKNESS | SPACING Backup | Trickness | vewocrty | TOTAL HOLE SPRAY SPRAY . .
NO, | MATERIAL (mm) MATERIAL (mm) (cm) MATERIAL (mm) (km/sec) PENETRATION SIZE DIAMETER ANGLE Myimy RELLARYS
(mm) (mm) {mm})
075-Th 6.55
D- L0l [¥) 3.18 cd 0.48 S.08 Al 3.8 6. 13 i.s5 10.9 A — Lo*
\loa -0 & 93
1607 Al Al .64 7.350 14 B.ls [FY) o 30°
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2.54 cw STYEoTOA
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_ : . BL#.0Qmu, 0040 S
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L 277 [ L o4 0
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B 7 1] 1t
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" 1t [ = LA
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NQ MATERIAL (mm) MATERIAL | (mm) (cm) MATERIAL (mm) (km/sec) PEN(E:::TD f"‘ﬁ:) m::nf;m négg:is) Mvimy RE-ZARYKS
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SHOT W‘r PROJECTILE l' DIAMETER b SHIELD THICKNESS SPACING BACKUP THECKNESS VELOCITY TOTAL HOLE SPRAY SPRAY i R
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TOTAL HOLE SPRAY
SHOT PROJECTILE SHIELD | THICKNESS THICKNESS | VELOCITY SPRAY . .
PENETRATIO! SIZE DIAMETER MV/my KEMARKS
ANGLE
NQ, MATERIAL MATERIAL (mm) (mm) {(km/sec) (mm) ) (mm)
2017 llep-0 254w PoLYURETHANG 4
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1 12
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ANGLES MEASURED FRoH uelTICAL
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SHOT

PROJECTILE

DIAMETER

SHIELD

THICKNESS

I TOTAL |

HOLE

|

SPRAY

SPACING BACKUP THICKNESS VELOCITY SPRAY .
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) tmm) (mm) | (mm)
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[To78-T6 204
1166 | 4 .70 Al 19.1 — - — 7.44 lo.5 21,4 —
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1168 AL CYLINVER 0.8 ) 318 7.20 PERF. $.4C [oZ D
1769 1 2.7 7.z0 2.24 9.4] loZ 90
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\176 L .03 2.92 7.7/ 97 gse
7.7 [AA
1777 3 87 2.77 9./5 FA 45
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18 2e | 451 Z.1% JEFE] BO 22 L£3
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SHOT | ProjcTmE | DIAMETERR | sHELD | Teackness | seacing | Backup | Tickmess | vewocity | TOTAL , HOLE SPRAY SPRAY

NO, MATERIAL {mm) MATERIAL | (mm) fem) MATERIAL (mm) (km/sec) PEN(EHT:;TD ’ ?,!:,:, Dl::mE;m ANGLE Mv/my RELARYS
7075 -Te
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1525 T b b4 0.6d | 805 7L I3
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1855 S.08 ¢35 f— — — o — Yigionw T
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¢2-0
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